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Mhacs spectrometry is a very efficient tool in 
organic structure determination. It seems, however, 
that its wide applicability and power are not as yet 
fully appreciated among organic chemists and _ bio- 
chemists. The object of the present article is to demon- 
strate the use of mass spectrometric analysis in the 


lipid field. 


PRINCIPLE OF THE METHOD 

In the mass spectrometer the molecules of the com- 
pound studied are bombarded in the gas phase at low 
pressure with electrons of low energy (10 to 100 elec- 
tron volts). The processes that are the result of the 
impact of electrons on organic molecules are exceed- 
ingly complex and are by no means fully understood 
(1, 2, 3). If the electron possesses an energy larger 
than that needed for the removal of an electron from 
the molecule (that is, its kinetic energy is larger than 
the ionization potential of the molecule), the most 
common primary process is the removal of one electron 
from the molecule 


M +e = M+ 4+ 2¢e-. 


The molecule-ions M+ are usually formed in excited 
states and decompose after a certain time (of the order 
of a microsecond) into a number of fragments (3). 
Both ionized and neutral fragments are formed. The 
nature of the ions and their relative abundance depend 
on the structure of the molecules bombarded. In gen- 
eral, therefore, two compounds that are structurally 
different will give different fragmentation patterns. 
Like the infrared spectrum, the mass spectrum can be 
considered as a “fingerprint” of the compound. 

Only one negatively charged ion is formed for 104 
positively charged ions, and only positive ions are 
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usually measured in the mass spectrometer. The un- 
fragmented molecule-ion M* is often present in the 
mass spectrum and may, even in the case of compounds 
of complex structure and high molecular weight, be 
the ion present in the greatest number, forming the 
“base peak” of the spectrum. 

The mass spectrum of a complex molecule cannot 
be calculated by methods now available (ef. 3), and 
mass spectrometry in organic structure analysis is an 
empirical tool, the usefulness of which increases with 
the amount of information available for compounds 
of known structure. 

Cleavage of carbon-carbon bonds during the disso- 
ciation of the molecule-ion is often accompanied by 
rearrangement, involving the transfer of the part of 
the fragment lost to the ionized fragment. The re- 
arrangements are considered to proceed via cyclic 
intermediates (4, 5). Reactions of this type are com- 
mon in the ease of long-chain compounds (6, 7, 8), as 
discussed further below. A knowledge of such rear- 
rangements is essential when the mass spectrum is used 
to deduce the structure of an unknown compound. 


CONSTRUCTIONAL FEATURES AND OPERATION OF A MASS 
SPECTROMETER INTENDED FOR STRUCTURE ANALYSIS OF 
ORGANIC COMPOUNDS OF HIGH MOLECULAR WEIGHT 


In order to be useful for the analysis of lipids and 
lipid components, the mass spectrometer must have a 
resolution such that it is possible with certainty to 
discover the rearrangement of one hydrogen atom in 
cleavages leading to the formation of ions having 
masses around 500. Furthermore, the instrument must 
be equipped with a heated intake system (9). Most of 
the work on compounds of high molecular weight so 
far reported has been on hydrocarbons. It has to a very 
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Fic. 1. 


large extent been performed in the laboratories of the 
American petroleum industry (9, 10) with the use of 
the CEC (Consolidated Electrodynamics Corporation) 
type 21-103 mass spectrometer. This instrument has 
a direction focusing magnetic analyzer of the semi- 
circular type (11). 

The mass spectra used to illustrate this article have 
been obtained with a similar instrument built by one 
of the authors. Details of the construction and opera- 
tion of this mass spectrometer have been published 
(12, 13). A block diagram of the instrument is shown 
in Figure 1. 

The sample inlet system is shown in Figure 2. The 
sample (0.1 to 1.0 mg) is contained in a small glass 
tube open at one end. In order to introduce the sample 
tube, the ball and socket valve (V1) is closed and the 
upper end of tube A cut open. The valve (V2) to the 
vacuum line remains open. After the introduction of 
the sample tube, tube A is evacuated via an auxiliary 
vacuum line temporarily connected to the open end. 
After evacuation, tube A is sealed off. This glass- 
blowing operation quickly becomes a routine. Valve 
V1 is opened, valve V2 to the evacuation line closed, 
and the sample evaporated by putting a small heater 
around tube A. The pressure in the reservoir should be 





Block diagram of mass spectrometer. From Ryhage (13). 


107 to 10° mm Hg. Gas from the reservoir is led to 
the ion source via a molecular leak (consisting of a 
very small hole in a glass membrane). The assembly 
of two intake systems and the ion source is shown in 
Figure 3. The Bleakney-Nier ion source is shown 
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Fic. 2. Heated sample inlet system. From Ryhage (13). 
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Fic. 3. Sample inlet systems and ion source assembly. From Rvhage (18). 


schematically in Figure 4. Gas molecules enter the 
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Fic. 4. Schematic drawings of Bleakney-Nier ion source. Left: 
View in the direction of the magnetic field. Right: Magnetic 
field parallel to plane of paper. For further explanation see text. 


ionization chamber (JC) through a hole in the elec- 
trode (Rp) and are ionized by a transverse beam of 
electrons generated by a rhenium filament (fF). The 
electron beam enters the ionization chamber through a 
slit (S17) and leaves it through a similar slit (S2) in 
front of electron trap 7. The trap current is used to 
control the emission from the filament. The ion source 
lies immersed in the magnet field, and the electron 
beam, which runs in the direction of the lines of force, 
is strongly collimated by the field. The positive ions 
formed are repelled by a small positive potential ap- 
plied to the electrode (Rp) and are withdrawn from 
the ionization chamber through the opposite slit, 
focused, and centered by the slits J1 and J2 and the 
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plates G1 and G2, and finally accelerated by a high 
potential applied between the ion source exit slit (G3) 
and the ionization chamber. 

Some compounds, in our experience especially bile 
acid derivatives, tend to give rise to conducting coat- 
ings on the insulators of the ion source structure. It is 
desirable, therefore, that the ion source can be easily 
disassembled, cleaned, and reassembled without upset- 
ting the electrode alignment. The self-locking structure 
based on the use of sapphire balls as spacers and 
insulators (14) is particularly convenient from this 
point of view. Two drawings of such a source are 
shown in Figure 5. The end view (left) shows the 
device used for the adjustment of the exit slit. 
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By falling through the accelerating potential V 
e.s.u. the ion has gained an energy V X e ergs which 
is equal to the kinetic energy 
m xX v* 
oo, 


Y xXe= 


(2) 


Elimination of v between 
(2) gives 


equation (1) and equation 


2V 


P= = 


an © cP 


eX H? 
The slightly diverging beam of ions entering the 
analyzer tube is brought to a focus after being de- 
flected through 180° in the magnetic field. If a col- 
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Ion source. Left: End view showing mechanism for the adjustment of the exit slit. Right: 


Section through the source. Electron beam and magnetic field parallel to plane of paper. From 
Ryhage (13). 


From the ion source exit slit the ions pass into the 
analyzer tube where they move in circular paths (of 
radius r em) perpendicular to the magnetic field. In a 
field of H gauss an ion with a charge of e e.s.u. moving 
with a velocity v 
HxXeXv 


——dynes (c = velocity of light in em per sec). 
( 


em/see is subjected to a force 


v is at right angles to H and this foree must equal the 
centrifugal force. Hence. 
mXv HX. 


r Cc 


xv 


(1) 


leetor slit (CS) is placed at the distance (2R) across 
the center from the ion source exit slit (ef. Fig. 1), 
the following expression gives the relation between 
the mass over charge (m/e) ratio of the ions passing 
through to the collector, the accelerating potential, 
and the magnetic field strength 


m 


m _ R* xX H 
e WXc° 


Ions of different m/e’s can be brought successively 
onto the collector either by varying the accelerating 
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potential V or the magnetic field strength H. Because 
the intensity of the ion beam increases with increasing 
accelerating potential, it is preferable to use magnetic 
scanning when a large mass range (12 to 600) is to be 
covered. 

The current from the collector electrode is very 
small (10° to 107° amp) and must be amplified 
before recording. A sensitive “vibrating reed” elec- 
trometer with a reasonably fast response time (0.1 sec) 


at 


MASS SPECTROMETRY OF LIPIDS 


is therefore interposed between the collector and the 
galvanometer recorder. The time needed to sean the 
spectrum is determined mainly by the response time 
of the recording system. The mass range 12 to 455 can 
be scanned in 7 minutes without impairing the resolu- 
tion (13). Figure 6 shows the complete analyzing 
system withdrawn from the magnet. Part of the mass 
spectrum of cholesterol obtained with this analyzer is 
shown in Figure 7. 


raw mene 


Fic. 6. Analyzer withdrawn from the magnet. Right: Sample inlet systems and ion source. Left: 
Collector and measuring head of vibrating reed amplifier. 
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Fic. 7 


High mass end of mass spectrum of cholesterol. Top: Ion source exit slit 0.1 mm and 

collector resolving slit 0.2 mm. Bottom: Slit widths reduced to half of those in top. From Ryhage (13). 

The large deflections of the most sensitive galvanometer (uppermost trace) for the three highest 
peaks are invisible in the reproductions. 
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REPRODUCIBILITY OF MASS SPECTRA ; 
POSSIBLE DEVELOPMENTS OF THE TECHNIQUE 


The mass spectra of a compound obtained with dif- 
ferent instruments and under different experimental 
conditions usually do not differ to such an extent that 
the characteristic fragmentation pattern of the com- 
pound is not recognized in the spectra. However, the 
relative peak heights are influenced by a number of 
factors such as mass discrimination in the ion source 
(ef. Ref. 1, p. 12), the temperature of the ion source, 
and the focusing of the ion beam. When large differ- 
ences are observed between mass spectra run at dif- 
ferent temperatures of the intake system, they are 
usually caused by thermal cracking. In the example 
shown in Figure 8, the spectrum run at 100° shows 


characteristic peaks that make it easy to recognize the 
structure of the compound. At 200°, however, the 
glycol has lost one molecule of water and the charac- 
teristic peaks have either disappeared or are of much 
reduced height. 

This example shows that the slow recording system, 
which makes it necessary to have a reservoir at rather 
high pressure in order to supply molecules to the ion 
source at a constant rate over a prolonged time, is a 
great limitation of the present technique. If the large 
reservoir and the molecular leak could be dispensed 
with, a great reduction in sample size would be pos- 
sible. Furthermore, many compounds that decompose 
on heating to the temperatures needed to give a vapor 
pressure of 107 to 10° mm Hg would stand the tem- 
peratures needed to give a vapor pressure of 10 mm. 
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Vic. 8. Mass spectra of 2 L, 4 L-dihydroxyeicosane run at different temperatures 
of the intake system. Top: 100°. Bottom: 200°. From Ahlquist et al. (15). 
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A fast recording instrument with a sufficiently high 
resolution at high masses would thus extend the appli- 
cability of mass spectrometric structure analysis very 
considerably. 

Because of the band width necessary for the record- 
ing of mass spectra at high speed, it is necessary to 
use an electron multiplier as ion detector in place of 
the standard ion collector. A high speed cycloidal type 
mass spectrometer of moderate resolving power has 
been described (16). Extremely high recording speed 
is a feature of the Bendix “time of flight” (TOF) mass 
spectrometer. In this instrument a pulsed ion source is 
used and the mass analysis performed by measuring 
the time taken for the ions to fly the distance between 
the ion source and the collector (an electron multiplier). 
The flight time is proportional to Vm. This time-mass 
relation is unfavorable for the attainment of high 
resolution at high masses. We have had no experience 
of the Bendix mass spectrometer, but it appears from 
the published description (17) that the resolution of 
the instrument in its present stage of development is 
somewhat on the low side for structure analysis of 
compounds of high molecular weight. 

Beynon (18) has pointed out that the use of a mass 
spectrometer of very high resolving power (allowing 
the separation of ions whose masses differ by millimass 
units) makes it possible to determine the empirical 
formulae of the various ions present. The construction 
of a practical double-focusing instrument with a re- 
solving power of about one part in ten thousand is 
therefore an important development (19). So far, the 
instrument does not appear to have been used for the 
analysis of compounds of higher molecular weight than 
around 200. 
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THE MASS SPECTRA OF SOME TYPICAL LIPID COMPONENTS 


Hydrocarbons. Although long-chain hydrocarbons 
themselves are perhaps not to be regarded as lipids, 
they are of common occurrence in nature, for instance, 
in the water-repellant surface coating of many leaves 
and fruits. Furthermore, the determination of the 
structure of the “parent hydrocarbon” is often an im- 
portant step in the structure determination of a natural 
product. Because of their importance for the petroleum 
industry, the mass spectra of long-chain hydrocarbons 
have been extensively studied (9, 10). 

The mass spectrum of n-eicosane (CopHy., M = 
282) is shown in Figure 9. The most prominent series 
of ionized fragments consists of singly charged alkyl- 
type ions of the empirical formula [C,He,.1]*. These 
ions have odd mass numbers and contain an even 
number of electrons. A recent study (6) of a normal- 
chain Ceg hydrocarbon in which both —CHs end groups 
had been replaced by —CDg3 groups showed that they 
are formed partly by simple cleavage of the chain, and 
partly from [—(CH2),— + H], that is, by a process 
involving double cleavage and capture of one hydrogen 
atom from one of the fragments lost, a mechanism 
previously suggested by Guriev and Tikhomiroy (20) 
in order to explain the fragmentation patterns of 
shorter chain hydrocarbons containing heavy isotopes. 

The base peak of the spectrum of Figure 9 is due to 
butyl ions CyHy*. The peak heights of the alkyl-type 
ions decrease in a regular manner with increase in the 
number of carbon atoms in the ionized fragment. The 
molecular weight is obtained directly from the m/e 
of the molecule-ion, which in this case gives rise to a 
peak of considerable height at m/e 282 (ion of even 
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Fic. 10. Mass spectra of phthiocerane and 4-methyltetratriacontane (M = 492). 
From Ryhage et al. (25). 


mass number containing an odd number of electrons). 
The molecule-ion peak (as well as all other peaks in 
the mass spectrum) is associated with smaller peaks 
of higher m/e, the strongest being that of m/e = M 
+ 1. These peaks are isotope peaks caused by the 


presence of C!8 and deuterium in natural carbon and 
hydrogen, respectively. The contribution due to C}%, 
which makes up 1.051% of natural carbon, is the most 
important. For statistical reasons, the isotope peak of 
m/e = m + 1 increases in height by about 19% for 
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each carbon atom added to the ion. Series of peaks 
corresponding to ions of the empirical formulae 
[C,He,)]* and [C,H2,-;]* are also present in the spec- 
trum of Figure 9. 

Methyl-substituted, long-chain hydrocarbons show 
a strong tendency to cleavage of the chain on either 
side of the tertiary carbon atom carrying the methyl 
group. The molecule-ion peak is small or absent from 
the spectrum. As an example of a mass spectrometric 
identification of a hydrocarbon of this type, we may 
take phthiocerane, the hydrocarbon obtained on 
drastic reduction of the wax aleohol phthiocerol 
present in the human and bovine types of tubercle 
bacilli (19). Previous work had shown that phthio- 
cerane had a methyl side chain at position 4 (21, 22, 
23), and that the properties of the hydrocarbon did 
not agree completely with those of any synthetie 4- 
methyl-substituted hydrocarbon. 

The mass spectrum of a recently prepared specimen 
(24, 25) is shown in Figure 10 (top). Gas-liquid 
chromatography showed that this specimen consisted 
of two apparently homologous compounds (25). These 
were isolated, and the mass spectrum of the higher 
homologue is shown in Figure 10 (middle). The peaks 
of the Cgp and particularly the Cs. group are much 
higher than those of the neighboring groups. It is evi- 
dent that the hydrocarbon contains 35 carbon atoms. 
4-Methyltetratriacontane would be expected to give 
rise to abundant Cs. and Cs. fragments, 


CH3— (CH2)2—CH— (CH2) 29—CHs 


'CHs 
Cre ! Co 
p> l--> 


a conclusion confirmed by the examination of syn- 
thetic material (Fig. 10, bottom, right). 

Much information about mass spectra of hydro- 
‘arbons of high molecular weight is found in a paper 
by O’Neal and Wier (9). 

Alcohols. Normal long-chain primary alcohols are 
important components of waxes. Their mass spectra 
have been studied by Brown et al. (26) H. Bergstrém 
et al. (27), and MeLafferty (28). The relations be- 
tween structure and mass spectrum in alcohols of dif- 
ferent types having 13 carbon atoms or less have been 
studied by Friedel et al. (29). 

The mass spectrum of n-hentriacontanol-1 (C3;H«sO, 
M = 452) is shown in Figure 11. The presence of a 
primary alcohol group is indicated by a small peak at 
m/e 31, presumably caused by the ion —CH.OH*. No 
peak due to the molecule-ion is observed, the heaviest 


ion being the one of m/e = M — 2. The highest peaks 
in the high mass range are the hydrocarbon type peaks 
at m/e = M — 18 and M — 20, corresponding to ions 
formed with loss of water, and water plus one molecule 
of hydrogen, respectively, from the molecule-ion. 
There is also a significant peak at m/e 406 (= M — 
[18 + 28]), formally corresponding to an ionized 
fragment formed with loss of one molecule of water 
and molecule of ethylene from the molecule-ion. 
Friedel et al. (29) have pointed out the great similarity 
between the hydrocarbon part of the mass spectrum of 
a primary alcohol and that of the 1-olefin obtained by 
dehydration of the alcohol. 





The structure of the long-chain secondary alcohol 
eicosanol-2 is readily deduced from the mass spectrum 
shown in Figure 12. The dextrorotatory enantiomer of 
this alcohol occurs in the waxes of certain acid-fast 
bacteria (30). The peak at m/e = M — 2 is the high- 
est in the group of three small peaks at the high mass 
end of the spectrum. As was the case for the primary 
alcohol, hydrocarbon-type peaks appear at m/e 280 
(= M — 18) and 252 (= M — [18 + 28]). The 
position of the hydroxyl group is indicated by the 
ionized fragments of m/e 45 and m/e = M — 15, 
which are formed, respectively, with loss of the long 
alkyl group and the methyl group, cleavage taking 
place on either side of the carbon atom carrying the 
hydroxy! group. 

Long-chain methyl ethers have also the base peak at 
m/e 45 due to ions [—CH»—O—CHs3]* (31, 32). The 
ether is readily distinguished from the isomierie 2- 
alkanol by the absence of a peak at m/e = M — 18. 

The branched-chain alcohol, 16-methylheptadecan- 
ol-1 ( isooctadecyl aleohol), whose mass spectrum is 
reproduced in Figure 13, gives, in addition to the peaks 
at m/e 31, M — 18, and M — (18 + 28) character- 
istic of long-chain primary alcohols, a fairly high peak 
at m/e 196 (= M — [31 + 43]). The [CisHes]* ion 
responsible for this peak is evidently formed with si- 
multaneous loss of the —CH.OH group and the ter- 
minal isopropyl group from the molecule-ion. 

Alkoryglycerols. A series of new alkoxyglycerols 
have recently been reported by Hallgren and Larsson 
(33). The molecular weight and structure of the iso- 
lated compounds were determined by mass spectrom- 
etry after conversion into the corresponding dimethy! 
ethers (34). The mass spectrum of batyl dimethyl 
ether derived from a sample of synthetic baty] alcohol 
is shown in Figure 14. The fragmentation pattern is a 
highly characteristic one. The molecular weight is 
obtained from the even-numbered molecule-ion peak 
at m/e 372. High peaks occur at m/e 45 and 89 due to 
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Fic. 13. Mass spectrum of 16-methylheptadecanol-1 (isosteary] alcohol). M = 270. 


ions containing one and two methyl ether groups, 
respectively. The alkyl peak at m/e 253 indicates the 
presence of a saturated Cys chain. The high peaks at 
m/e 58 (base peak) and 59 are due to rearranged ions. 
As indicated in Figure 14, several characteristic peaks 
appear in addition to those mentioned, making the 
identification of the compound a relatively easy matter. 

Methyl Esters of Fatty Acids. The mass spectrum 
of a long-chain carboxylic acid is closely analogous to 
that of the methyl ester of the acid. As the methyl 
esters are more volatile than the free acids, they are 
usually the derivative used in gas chromatographic 
separations and mass spectrometric structure deter- 


minations. An extensive study of esters of lower 
aliphatic acids has been carried out by Sharkey et al. 
(35). 

The mass spectrum of a normal long-chain methyl 
ester (36) such as methyl stearate (Fig. 15) is domi- 
nated by peaks due to ions containing oxygen. The 
hydrocarbon peaks of the spectrum can be almost 
completely suppressed by running the spectrum at 
reduced electron energy (~ 11 electron volts) (6). 
The molecule-ion peak is very prominent and increases 
in height relative to the base peak with increasing 
molecular weight of the ester, at least up to C3,;H790. 
(ef. Ref. 12). The base peak at m/e 74 is due to ions 
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formed on 2,3-cleavage with simultaneous migration 
of one hydrogen atom from the fragment lost. Migra- 
tion of two hydrogen atoms also occurs to some extent 
because the peak at m/e 75 is higher than expected 
for being solely the isotope peak associated with the 
peak at m/e 74. The ions of m/e 74 are analogous to 
the ions of m/e 60 in the case of free carboxylic acids 
(37). It has been suggested that the hydrogen is taken 
from carbon atom 4, leading to the formation of a 
neutral 1-olefin (38, 39, 40): 


1 2 3 4 
CH;—0—C—CH,—CH.—CH,—R 
| 


O 


Direct evidence that the hydrogen atom is taken 
exclusively from carbon atom 4 comes from a study 
of a series of methyl esters with one CD» group in- 
stead of CH, at all positions from 2 through 6 (6). 
Measurements of the electron energy at which ions of 
m/e 74 first appear (“appearance potential” measure- 
ments) are considered to show that the ion has the 
hydroxyl form shown above rather than the alterna- 
tive keto-form (41). 

Apart from the base peak and the peak due to the 
acylium ion (m/e = M — 31), the mass spectrum 
of the methyl ester contains peaks due to oxy- 
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CH;—O—C—(CH2).a— * (n > 1). It has been 


shown (6) that these fragments are formed by two 
different mechanisms. The ions of lowest m/e (87, 
101, 115, and 129) are formed with simple cleavage of 
the chain. However, from m/e 143 ions of this series 
are partly formed through a process involving elimina- 
tion of part of the chain. One hydrogen atom is lost in 
addition to a number of methylene groups, the final 
result being an odd-numbered even-electron ion. The 


1 2 3 4 


OH 
m/e 74 


reaction may be looked upon as a kind of transhelical 
reaction in a molecule in which the hydrocarbon chain 
has a helical or quasi-ring conformation. The carbon 
atoms nearest to the carbonyl group are lost with par- 
ticular ease, as the peaks at m/e = M — 29 and M — 
43 are almost exclusively due to ions formed with loss 


2 3 2 3 4 
of CH.—CH, + i | and | Gu. én—bn, ao 1| 
respectively, from the molecule-ion. Side chains at. 
positions 2-4 are lost, together with the carbon atoms. 
to which they are attached (see below). 
Methyl Esters of Branched-Chain Fatty Acids. 
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Fic. 15. Mass spectrum of methyl n-octadecanoate (methyl stearate). M = 298. 
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the base peak to m/e 88, the side chain being 
incorporated in the rearranged ionized fragment 


CH; ]* 
CH;,—O—C=CH 


OH 


appear peaks at m/e = M — 43 and M — 57 due to 


ions formed with loss 4{ CH He + H | and 


. In the high mass range there 


CHs 
2 3 4 
| CH—CH.—CH. + H = the molecule-ion, where- 
| CH; 
as the peak at m/e = M — 29 is smaller than for 


normal chain esters (7). 
If the side chain at position 2 is an ethyl or longer 
alkyl group, two rearranged ions are observed (8): 


1 2 3 4 t 
— > CH;—O—C—=CH—CH.,—CH.—R’ 


1 2 3 4 
CH3;—O—C—CH—CH2—CH2—R’ 


The mass spectrum of methyl tuberculostearate 
({-]-methyl 10-methyloctadecanoate) (42, 43) is 
shown in Figure 16. The position of the side chain is 
indicated by the characteristic pattern consisting of 
the very small peak at m/e 185 and the fairly strong 
peaks at m/e 171 (with associated rearrangement 
peaks at m/e 172 and 173) and m/e 199, as well as 
the strong peak at m/e 167 (= 199 — 32). The last- 
mentioned peak is presumably due to a ketene-type 


ion (7) 


C—CH—(CH,);,—CH— 


QO CH, 
Methyl! 15 pt-methylheptadecanoate (anteisostearate) 
(Fig. 17) shows analogous peaks at m/e 269 (= M 
— 29) and 241 ( = M — 57), as well as at m/e 237 
(= 269 — 32). It is to be noted that in this case the 
peak at m/e = M — 29 is higher than that due to the 


1 2 
CH.—( —C=CH 
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acylium ion at m/e = M — 31, due to the contribution 
to the m/e = M — 29 peak from ions formed by loss 
of the ethyl group from the tertiary carbon atom at 
position 15. 

Methyl esters of ‘soacids give mass spectra that are 
very similar to those given by normal chain esters. The 
former show a characteristic small peak at m/e = M 
— 65 (at m/e 233 in the mass spectrum of methyl 
isostearate shown in Fig. 18). The isostructure is best 
recognized after reduction to the corresponding al- 
cohol (Fig. 13). 

Direct mass spectrometric structure determination 
is possible also in many complicated cases. The struc- 
ture of the methyl ester of the major component acid 
of Anderson’s mycocerosic acid (44) was shown, by 
the mass spectrum reproduced in Figure 19, to be the 
methyl] ester of a saturated Cys acid (IZ = 494) (45). 


BY 4/ 
+ CH,=CH—R” 
OH 


+ CH.—CH—R’ 


OHCH, 3’ 
CH. 4’ 
ny? 


The strong peak at m/e 88 indicated a methyl side 
chain at position 2. The occurrence of very small 
peaks at m/e 115, 157, and 199, together with much 
stronger peaks at m/e 101, 129, 143, 171, 185, and 213 
suggested the presence of methyl side chains at posi- 
tions 4, 6, and 8. The occurrence of peaks at m/e = M 
— 43 and M — 71 in the high mass range is consistent 
with the presence of methyl side chains at positions 


2 and 4, the ions being formed through loss of 


2 3 2 3 4 
CH—CH, + H | and | CH—CH.,—CH + a from 
_CHs | CH; CH, 
the molecule-ion. The results were confirmed by a 
study of the aleohol obtained from the methyl ester 


by reduction with lithium aluminium hydride. The 
mass spectrum of the alcohol showed large hydrocar- 
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Fic. 16. Mass spectrum of (-)-methyl 10 p-methyloctadecanoate (methyl tuberculostearate). 
M = 312. From Ryhage and Stenhagen (7). 
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ease 


bon-type peaks at m/e’s consistent with the presence of 
methyl side chains at positions 4, 6, and 8. As the evi- 
dence for the presence of a methyl group at position 2 
is very strong from the spectrum of the methyl ester, 
the identification of the latter as a methy] 2,4,6,8-tetra- 
methyloctacosanoate is beyond doubt. The mass spec- 
tra of diastereoisomeric aliphatic compounds of this 
type are identical (8) and the mass spectrum of Figure 
19 gives no information regarding the optical configu- 
ration of the tetramethyl-substituted ester. 


Methyl Esters of Oxo-, Hydroxy-, and Methoxy 
Acids. The presence and the position of an oxo- hy- 
droxy-, or methoxy group can usually be readily rec- 
ognized from the mass spectrum (46). The mass spec- 
trum of methyl 8-oxodctadecanoate reproduced in 
Figure 20 shows peaks due to ions formed with simple 
cleavage of the bonds to the carbonyl carbon atom in 
the chain (7,8 and 8,9 cleavage, respectively) and to 
ions formed through 6,7 and 9,10 cleavage, respectively, 
with rearrangement of one hydrogen atom. The mole- 
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M = 298. From Rvhage and Stenhagen (7). 
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Fic. 20. Mass spectrum of methyl 8-oxodctadecanoate. M = 


cule-ion peak at m/e 312 is accompanied by a peak at 
m/e = M + 1 that is much stronger than the normal 
isotope peak. The abnormal height of this peak is due 
to ions formed by secondary reactions in the ion source, 
involving the addition of a hydrogen atom to the mole- 
cule-ion. Peaks of this type can be recognized by alter- 
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312. From Ryhage and Stenhagen (46). 


the associated ketene ion. Cleavage on the near side 
of the hydroxyl group (7,8 cleavage) occurs with re- 
arrangement to give ions of m/e 144. 

The hydroxy esters usually do not show a molecule- 
ion peak, but their molecular weight may be obtained 
from the peak at m/e = M — 50 (= —[32 +4 18] 


ing the pressure in the ion source, as their relative 


SRBC aT 


[water + methanol; cf. monoethenoid esters] ), which 






































heights increase when the pressure is increased. The is of significant height except in the case of the 2-hy- 
t corresponding hydroxy ester gives a simpler mass spec- droxy esters. Methyl esters of 2-hydroxy acids give a 
' trum (Fig. 21) with high peaks at m/e 173 due to ions large peak at m/e = M — 59 due to ions formed 
i formed on cleavage of the chain on the far side of the through the easy cleavage of the bond between carbon 
i hydroxyl group (8,9 cleavage) and at m/e 141 due to atoms 1 and 2. They furthermore show a very charac- 
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Fic. 21. Mass spectrum of methyl 8 pt-hydroxyoctadecanoate. M = 314. From Ryhage and Stenhagen (46). 
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teristic peak at m/e 90 corresponding to a rearranged 
ion [CH,—O—C—CH 
OH OH 
However, the simplest mass spectra are those of the 
methoxy esters. The base peak of the spectrum of 
methyl 2-methoxytricosanoate (Fig. 22) is at m/e = 
M — 59. As in the case of the 2-hydroxy ester, cleav- 
age readily occurs between carbon atoms 1 and 2. In 
the high mass range there is also observed, in addition 
to the base peak and the peak due to the molecule-ion, 
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a peak at m/e = M — 73, which presumably corre- 

sponds to a rearranged ion formed with elimination of 
2 3 4 
CH—CH,—CH:2 + H 


from the molecule-ion. 

OCH; 

The simple mass spectra exhibited by methoxy esters 
with the methoxy-group higher up in the chain is ex- 
emplified by the spectrum of methyl] 11-methoxyocta- 
decanoate shown in Figure 23. The two highest peaks 
in the spectrum are due to ions containing the methoxy] 
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Fic. 23. Mass spectrum of methyl 11 pt-methoxvoctadecanoate. M = 328. 
From Ryhage and Stenhagen (46). 
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Fic. 24. Mass spectra of: (top) methyl oleate (methyl A*’® -octadecenoate) 

(M = 296); (middle) methy! linoleate (methyl A®!"*"* -octadec-dienoate) ( M = 

294); (bottom) methyl! linolenate (methyl A!" -octadec-trienoate) (M = 
292). From Hallgren e¢ al. (48). 
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Fic. 25. Mass spectra of methyl esters of a,8-unsaturated branched-chain acids. Reproduced with 
minor corrections from Ahlquist et al. (52). 


group, formed through cleavage of the chain on either 
side of carbon atom 11. 

Methyl Esters of Dibasic Acids. Dibasic acids are 
often obtained in the oxidative degradation of lipids. 
Dimethy] esters of dibasic acids are readily recognized 
through their mass spectra, which show a characteristic 
pattern in the high mass range, consisting of a small 
molecule-ion peak, a high peak at m/e = M — 31, and 
moderately strong peaks at m/e = M — 64, M — 73, 
M — 92, and M — 105 (47). In addition, they show a 
series of strong peaks at m/e = 84 + n X 14, which is 
not present in the mass spectra of methyl esters of 
monobasic acids. 

Methyl Esters of Unsaturated Acids. The molecular 
weight and the degree of unsaturation of a methyl] ester 
of an unsaturated fatty acid is immediately apparent 


from the molecule-ion peak, which is usually very 
prominent (48), as shown in Figure 24. Methy! oleate 
has the base peak at m/e = M — 82, formally corre- 
sponding to an ion formed with loss of one molecule of 
methanol from the molecule-ion. Further character- 
istic peaks at m/e = M — 74 and M — 116. The posi- 
tion of the double bond in a monoethenoid ester cannot 
be determined directly from the mass spectrum, as it 
has been found (48) that both cis- and trans- isomers, 
as well as the positional isomers so far studied, with the 
exception of the a,B-unsaturated esters, give identical 
(or practically identical) mass spectra. 

The mass spectra of methyl linoleate and methyl 
linolenate (Fig. 24, middle and bottom) differ consid- 
erably from each other and from methyl oleate. An 
interesting feature of all three spectra shown in Figure 
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Fic. 25 (continued). Mass spectra of methyl] esters of a,8-unsaturated branched-chain acids. Repro- 
duced with minor corrections from Ahlquist et al. (52). 


24 is the presence of a peak at m/e 91. The height of 
this peak increases with the degree of unsaturation of 
the ester, and has been found to be the base peak in the 
case of a hexaunsaturated ester (48). It seems likely 
that the peak at m/e 91 is due to tropylium ions (ef. 
49) formed through extensive rearrangement and cycli- 
zation. 

Methyl Esters of Branched-Chain a,B-Unsaturated 
Acids. Branched-chain a,B-unsaturated acids called 
phthienoie or mycolipenic acids are found in the lipids 
of the tubercle bacillus (for a recent review of bacterial 
lipids see Asselineau [50]). Figure 25 shows that the 
methyl ester of Co;-phthienoie acid (51) gives the same 
mass spectrum as synthetic methyl trans-2,4,6-trime- 
thyltetracosen-2-oate, and that this spectrum is differ- 
ent from that of corresponding cis-isomer (Fig. 25, top) 


(52). High peaks appear at m/e 88 and 101, as in the 
case of the saturated 2,4,6-trimethyl-substituted ester 
(39), indicating that a double-bond shift occurs before 
2,3 and 3,4 cleavage of the chain. Simple cleavage of 
the chain between carbon atoms 5 and 6 occurs with no 
double-bond shift. The ions formed in this manner give 
the peak at m/e 169, which is highly characteristic for 
the 2,4,6-trimethy]-2-enoate structure. The mass spec- 
trum of a sample of methyl mycolipenate from the 
strain Test of the tubercle bacillus (52) showed the 
presence of the methyl esters of the Co; and Ce; 2,4,6- 
trimethyl-2-enoic acids (Fig. 25, bottom). 

The mass spectra of the synthetic cis- and trans-a,B- 
unsaturated isomers differ mainly with regard to the 
relative intensity of the ions of m/e 322 (= M — 100) 
and 335 (= M — 87) formed through 3,4 and 2,3 
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Fic. 27. Mass spectrum of 2-lauro-1,3-didecoin. 17 = 582. 


cleavage (with rearrangement), respectively. 

Esters of Long-Chain Alcohols and Long-Chain 
Fatty Acids. The typical wax ester gives a mass spec- 
trum of the type shown in Figure 26 (53). The hydro- 
carbon-type peak at m/e 308 and 280 in the spectrum 
of n-docosyl n-heptanoate correspond to those at m/e 
— M — 18 and M — (18 + 28) that would be ob- 
tained in the case of free n-docosanol-1. The base peak 
in the spectrum of Figure 26 is due to ions formed with 
alkyl-oxygen cleavage of the alcohol moiety and re- 
arrangement of two hydrogen atoms, the structure of 
the ion being presumably 


HO—C—(CH2);—CHs. 
| 
OH* 


A distinct molecule-ion peak is present, as well as a 
peak at m/e = M — 85, the latter ion being formed 
through 1,2 cleavage of the acyl group. A further char- 
acteristic feature of esters of this type is the occurrence 
of a small peak due to ions formed through 4,5 cleavage 
of the alcohol part with rearrangement of one hydrogen 
atom, which in the present case give a peak at m/e 186. 

Glycerides. Triglycerides have so far been investi- 
gated only in a preliminary manner. One reason is 
that these compounds are difficult to pump out from the 
mass spectrometer and tend to give persistent ‘““mem- 
ory” effects. Figure 27 shows the type of results ob- 


2. Ryhage and E. von Sydow, unpublished data. 
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tained. The highest peaks are due to the two acylium 
ions of m/e 155 and 183, respectively. Large peaks at 
m/e = M — 171 and M — 199 are due to ions formed 
with loss of acyloxy groups from the molecule-ion. One 
point of interest is the existence of a peak at m/e = M 
— (171 + 14) but no corresponding peak at m/e = M 
— (199 + 14). Loss of acyloxymethylene thus occurs 
from positions 1 and 3 but not from position 2 of the 
glycerol moiety, which makes it possible to distinguish 
the acyl group attached at position 2 from those at po- 
sitions 1 and 3. Tentative structures can be suggested 
for ions that may be responsible for the peaks at m/e 


cn 
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229, 283, and 311, but further experimental work is 
necessary before such assignments can be made with 
any degree of confidence. 

Steroids. The mass spectra of some steroids have 
been studied by Reed (54), Bergstrom et al. (55) and 
Friedland et al. (56), but the information available for 
this important class of natural products is still rather 
fragmentary. In contrast to diastereoisomeric aliphatic 
compounds, diastereoisometric sterols usually give 
mass spectra that are significantly different from each 
other. The condensed ring systems give very compli- 
cated fragmentation patterns in the mass range below 
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Fic. 28. Mass spectrum of dihydrocholesterol. M = 388. P = “parent ion” =M. 
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Fic. 29. Mass spectrum of epicoprostanol. M = 388. 
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Fic. 30. Mass spectrum of cholesterol. M 


= 386. The spectrum was run under the following condi- 


tions: Temperature of inlet system, 200°. Temperature of ion chamber, — 220°. Electron energy, 

70 electron volts. The figures within parentheses are the relative intensities (with the intensity of 

the molecule-ion peak set at 100) recorded by Friedland et al. (56), who used the following experi- 

mental conditions: Temperature of inlet system (vapor temperature), 200°. Temperature of ion 
chamber, 265°. Electron energy, 70 electron volts. 


about m/e 200, and a full mass spectrometric study of 
this class of compounds requires access to a large num- 
ber of synthetic compounds that contain heavy isotopes 
at specific sites. 

In the high mass range there appear characteristic 
peaks, however, that make the mass spectra useful for 
identification purposes. The mass spectra of dihydro- 
cholesterol (Fig. 28) and epicoprostanol (Fig. 29) have 
been run under identical conditions and the differences 
between the spectra must be largely due to the stereo- 
chemical differences. A striking feature of the spectra 
is the high peak due to the molecule-ion, which is re- 
sponsible for the base peak in the case of dihydrocho- 
lesterol. This is in contrast to aliphatic secondary al- 
cohols, which give exceedingly small molecule-ion 
peaks (cf. Fig. 12). In the high mass range there appear 
peaks at m/e = M — 2, M — 15, M — 18, and M - 
(15 + 18), evidently due to ions formed with loss of a 
molecule of hydrogen, a methyl group, of molecule of 
water, and a methyl group plus a molecule of water, 
respectively, from the molecule-ion. 

Sterols with saturated ring systems show a peak at 
m/e = M — 72. That the ions responsible for this peak 
are formed with loss of ring A from the molecule ion 
is shown by the fact that saturated sterols with gem- 
dimethyl! substitution at position 4 in ring A show a 
corresponding peak at m/e = M — 100, the fragments 


lost in the two cases being, respectively : 


CH: CH, 
CHe \ CHe \ 
| and | 
HO—CH / HO—CH 
NN CH2 NcZ% 


il \ 
CH; CH; 


The peak at m/e 257 is due to the ionized sterol nu- 
cleus formed with loss of the side chain and one mole- 
cule of water from the molecule-ion. The m/e of this 
peak indicates the total number of hydroxyl groups 
and double bonds, as well as methy] side chains present 
in the nucleus. For instance, cholesterol with one hy- 
droxyl group and one double bond gives m/e 255, and 
3,7,12-trihydroxycoprostane gives m/e 253 (Figs. 30 
and 31). Tetrahydrodammaradienol with one hydroxy] 
group and three methyl groups gives m/e 299 (= 257 
+3 14). 

The mass spectra of the two stanols (Figs. 28 and 
29) show a group of peaks at m/e 215 to 217, the peak 
at m/e 215 being the highest of the group. The satu- 
rated hydrocarbon cholestane shows a similar group at 
m/e 217 to 219 (A.P.I. No. 1000). In the case of the 
stanols, the peaks appear to be due to ions formed with 
loss of the side chain, water, and ring D from the mole- 
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cule-ion. Friedland et al. (56) suggest that the side 
chain, the angular methy! group C-18, and two carbon 
atoms from ring D are removed. (Rupture of both 
rings C and D may be involved; ef. Reed [54].) Final- 
ly, the stanols show a peak at m/e 233 (= 215 + 18), 
analogous to that of m/e 215 but with the hydroxy] 
group retained in the corresponding fragment. 

The molecule-ion gives the largest peak in the mass 
spectrum of cholesterol shown in Figure 30. A compari- 
son with the high mass end of the mass spectrum of 
cholesterol reproduced in Figure 7 shows that in the 
latter case the peak at m/e = M — 18 is higher than 
the molecule-ion peak. The difference between the 
spectra is to be attributed to thermal dehydration in 
the intake system of the mass spectrometer. The spec- 
trum of Figure 30 was run very soon after the volatili- 
zation of the sample, whereas the spectrum of Figure 7 
was run about half an hour later. The degree of repro- 
ducibility to be expected for this type of compound 
when the mass spectra are run by different operators 
using different mass spectrometers is shown by a com- 
parison between the spectrum of Figure 30 and the 
data given by Friedland et al. The figures given within 
parentheses at some of the higher peaks in Figure 30 
give the heights of the corresponding peaks (in per 
cent of the height of the molecule-ion peak) given by 
the authors just mentioned. 

The 5:6 double bond in ring B of cholesterol stabi- 
lizes ring A, and no significant peak at m/e 314 (= M 
— 72) occurs in the mass spectrum. The double bond 
also makes the peak due to the ring system appear at 
m/e 255 and the peaks due to ions containing the rings 
ABC appear at m/e 213 and 231. Cholesterol also dif- 
fers from its dihydro-derivative in giving high peaks at 
m/e 247, 275, and 301. Friedland et al. have suggested 
that the ion of m/e 247 is formed through rupture of 
ring B. Ions of m/e 301 (=M — 85) are probably 
formed with loss of CgH,, from the side chain. 

The spectrum of 3a:7a@:12e-trihydroxycoprostane 
shown in Figure 31 contains peaks at m/e —M — 18, 
M — 2 18, M — 3 X 18, due to ions formed with 
loss of one, two, and three molecules of water. Signifi- 
cant peaks appear at m/e = 351 (= M — [3 & 18+ 
15]) and 312 (= M — [72 + 2 X 18]). In the latter 
case, ring A is lost together with two molecules of 
water. The peak at m/e 253 due to triply unsaturated 
ring system is the next highest peak of the spectrum. 

Bile Acid Derivatives. The mass spectra of the 
methyl esters of two saturated bile acids with no hy- 
droxyl group attached to the ring system are repro- 
duced in Figures 32 and 33. In both spectra the base 
peak is due to the molecule-ion: Ions of m/e = M — 
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15, m/e 232, and m/e 217 appear with relative intensi- 
ties almost exactly as in the mass spectrum of chole- 
stane (A.P.I. No. 1000). Small peaks due to the 
acylium ions are found at m/e = M — 31. In the low 
mass region methyl cholanate shows the rearrangement 
peak at m/e 74 given by methyl esters of acids that 
possess no substituent in the alpha position, whereas 
methyl coprostanoate gives a small peak at m/e 74 
and a much larger one at m/e 88 due to the presence 
of a methyl] group in the alpha position. Methy] chola- 
nate shows a very small peak at m/e 101 and a larger 
peak at m/e 115 due to the methyl side chain in the 
gamma position. The ion of m/e 115 contains all the 
atoms of the side chain. For methyl coprostanoate an 
analogous peak would be expected at m/e 157, but this 
peak is small in the spectrum of Figure 33. 


The mass spectra reproduced in Figures 34 and 35 
show the influence of positional isomerism in the case 
of monohydroxycholanates. Only methyl lithocholate 
with the hydroxyl group at position 3 on ring A shows 
a distinct peak at m/e = M — 72 due to ions formed 
with loss of ring A. On the other hand, the hydroxyl 
group at position 12 on ring C leads to a very stable 
ion of m/e 257 due to the sterol nucleus with a double 
bond on ring C. This stabilizes rings C and D as indi- 
cated by the appearance of a small peak only at m/e 
215. Both monohydroxycholanates show very small 
peaks due to the molecule-ions. Somewhat larger 
peaks appear at m/e — M — 2, while comparatively 
high peaks are due to ions formed with loss of water 
(m/e = M — 18) and water plus one methy! group 
(m/e = M — [18 + 15]). 


Although it is possible to obtain the mass spectra of 
methyl esters of bile acids possessing more than one 
free hydroxyl group, the low volatility of the esters 
with several free hydroxyl groups makes it preferable 
to use derivatives with protected hydroxy! groups. The 
mass spectrum of the triacety! derivative of cholic acid 
is shown in Figure 36. The peak of highest m/e ob- 
served in the spectrum is due to ions of m/e 428 (= 
M — 2 60) formed with loss of two molecules of 
acetic acid. Prominent peaks are due to ions formed 
with loss of three molecules of acetic acid (m/e = M 
— 3 xX 60), and three molecules of acetic acid plus one 
methyl group (m/e = M — [3 « 60 + 15]). The pres- 
ence of a hydroxyl group at position 7 on ring B has 
no stabilizing influence on ring A as the spectrum con- 
tains a high peak at m/e 313 (= M — 235). This peak 
appears to be due to ions formed with loss of ring A 
with attached acetoxy group, together with two mole- 
cules of acetic acid and one hydrogen atom. The triply 
unsaturated ring system ion of m/e = 253 formed with 
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loss of the side chain and three molecules of acetic 
acid is very stable and gives the base peak of the 
spectrum. The peak at m/e 215 is insignificant. 

The mass spectra shown in Figures 34, 35, and 36 all 
exhibit methoxy-carbony! type peaks of the same m/e 
and relative intensity as shown by methyl cholanate 
(Fig. 32), the side chain in all four cases being the 
same. 

It seems evident that mass spectrometry will play an 
important role as an analytical tool in the lipid field. 
Further studies of the processes involved in the frag- 
mentation of large molecules using compounds that 
contain heavy isotopes at specific sites will certainly 
increase the analytical power of the method consider- 
ably. There is at present no method available for de- 
tailed structure determinations of ionie fragments, and 
many structures that have been proposed will probably 
have to be modified if sueh methods are developed. 

We are indebted to Mrs. Stina Stillberg-Stenhagen 
for valuable suggestions, and to Mrs. Betty Ull, Miss 
Gunilla Norman, and Mr. L. Ahlquist for technical as- 
sistance in the preparation of this paper. 
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i separation and analysis of lipid compounds 
are currently of wide interest and the subject of in- 
tense research. The purpose of this paper is to review 
some of the methods presently in use and to discuss 
their relative merits. A recent two-volume work by 
Kaufmann (1) gives detailed information in most 
fields of lipid analysis, and a series of reviews of 
specific fields has recently been published (2). Empha- 
sis here is placed upon fatty acids and, to a certain 
extent, upon methods with which the authors have 
some personal experience. 

The great variety of fatty acids found in nature 
makes the total analysis of fats a major problem 
which has not yet been solved satisfactorily despite 
enormous progress toward that end. Table 1 attempts 
to illustrate this variety, showing the fatty acid com- 
position of four different fats. The first three represent 
analyses by gas-liquid chromatography by Ahrens 
et al. (3, 3a), and the fourth is taken from a recent 
compilation of fatty acid composition of fats by the 
U.S. Department of Agriculture (4). These and other 
recent analytical studies have shown that most fats 
contain a great variety of fatty acids occurring in a 
concentration range below 0.5%. The structures of 
most of these minor components are unknown but they 
are considered to include isomers of the common un- 
saturated fatty acids, and acids having odd-numbered 
chain lengths or branched chains. Accurate analyses 

*Supported in part by the National Institutes of Health 
(Grants H-3662 and H-3559) and the Hormel Foundation. 

tPermanent address: Department of Physical Chemistry, 
Abo Akademi, Abo, Finland. 
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of all fatty acids in a fat cannot be expected from one 
method only. Even gas-liquid chromatography, with 
its extraordinarily good separations, should not be con- 
sidered the ultimate answer to all analytical problems. 
Combinations of methods are required, and group 
separations consequently play an important part in 
the development of fatty acid analyses. 


CRYSTALLIZATION METHODS 


Group separations generally depend either upon de- 
gree of unsaturation or upon chain length, and a 
suitable combination of methods should ideally yield 
fractions containing single substances. Separation 
according to unsaturation by the differential solubili- 
ties of the lead or lithium salts of fatty acids is a 
technique now used infrequently. Its place is usually 
taken by the techniques of low temperature crystal- 
lization and of complex formation and precipitation 
with urea. Silk et al. (5), however, have recently made 
a comparison between fractionation of lithium salts 
in acetone and fractionation by urea complex precipi- 
tation, and have found that the former technique has 
an advantage in removing Cig and Cys acids of rela- 
tively low unsaturation from Coo and Coo unsaturated 
acids. 

Low temperature crystallization of fatty acids has 
been worked out largely by Brown and his students 
(6). Its main advantage lies in the simplicity of the 
technique. Facilities for working at —20° to —70° are, 
however, required. No reagents except the solvent are 
involved and oxidation or other changes in the fatty 
acids are unlikely. One inherent disadvantage of the 
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method is the co-crystallization of fatty acids, which 
leads to less perfect separations than solubility data 


TABLE 1. Farry Actp CoMPOSITION OF 
Four DIFFERENT TYPES oF Fats * 








Human Corn 








Fatty Acid Menhaden 
Designation t¢ Oil Milk Fat Oil Lard 
< 12:0 1.9 

12:0 0.1 6.8 0.1 
12:br? 04 
13:0 0.1 -06 
13:br tr 
13:br tr 
14:0 7.2 8.3 0.3 
14:br 0.1 .08 
14:1 0.1 j 0.2 
15:0 0.5 0.5 
15:br 0.2 | 0.4 
15:br 0.2 
16:0 | 17.0 | 20.9 12.7 $2.2 
16:1 9.8 | 2.4 
16:2 2.0 | 
16:3 1.8 
16:4 | 2.0 
17:0 0.4 0.5 
17:br 0.3 
17:br | 0.4 0.7 
18:0 3.1 7.3 2.7 7.8 
18:1 6.5 
18:1 14.5 29.3 30.7 48.0 
18:2 2,0 7.1 53.6 11.0 
18:2 0.7 | 
18:3 | 1.3 0.9 0.6 
18:4 } 3.2 
19:0 tr 
un 0.7 
19:br | 0.4 | 
19:un 0.4 
20:0 0.1 1.3 
20:1 2.1 0.9 | 
un 0.3 
20:2 0.6 0.3 
20:2 0.6 
20:3 2.0 0.4 
20:4 0.6 0.6 0.4 
uD 0.1 
22:1? 07 
up 0.2 
20:5 12.5 0.08 
un 0.2 
20:un 0.7 
un 0.1 
20:un 0.5 
un 0.2 
21:0 tr 0.5 
20:un 1.7 
22:un tr 
un 0.1 
22:5 2.0 0.1 
22:6 8.9 0.3 
24:un tr 


* Values in columns 1 and 3 from Ahrens et al. (3) expressed as 
weight per cent acid; values in column 2 from Insull and Ahrens 
(3a) expressed as weight per cent methyl esters; values in column 
4 from Goddard and Goodall (4) expressed as weight per cent 
acid. All values in excess of 1% in italics. 

+ In the shorthand designation (3), the first numeral indicates 
chain length, the second indicates number of double bonds, br = 
branched, and un = unknown. 
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would predict. While it is normally possible to obtain 
quite good separation of saturated from unsaturated 
fatty acids by this method, a separation of monoene 
from polyene acids is less precise, and in this instance 
urea fractionation may give better results. Because 
low temperature crystallization demands concentra- 
tions of 5% to 15%, the method is not practical for 
analytical separations on a microscale. In such cases 
one may substitute paper chromatography at low tem- 
peratures. This technique has been used by Kaufmann 
and Mohr (7) and by Schlenk et al. (8) in fatty acid 
analyses, and can be applied to other lipids as, for 
example, the separation of cholesterol from other non- 
saponifiable material. 

The recent technique of zone-melting may possibly 
prove useful in the preparation of highly purified fatty 
acids. In this technique, crystalline material in a tube 
is melted in a narrow zone which moves from one end 
of the tube to the other in cycles. The impurities tend 
to remain in the melt and will eventually be concen- 
trated at one end of the tube. The technique was 
originally developed to produce inorganic products of 
high purity for the electronics industry, but may also 
be applied to the purification of organic substances 
(9, 10). The separation of eicosanol and hexacosanol 
(20:80) was achieved on a milligram seale by Schild- 
knecht and Vetter (11). They obtained 9.6 mg of pure 
hexacosanol from 28.5 mg of the original mixture, but 
were unable to isolate any pure eicosanol. Figure 1 
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(top) —— DIRECTION OF TRAVEL 
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Fic. 1. Composition of the contents of a zone-melting tube 
plotted against its length. Separation of approximately 5 g of a 
mixture of 7% methyl palmitoleate in methyl palmitate in a 
column 4 X 450 mm at 4° to 5° after 24 passes. o-o = Composi- 
tion determined by iodine value. e-e Composition deter- 
mined by area proportionation of gas-liquid chromatograms. 
Short horizontal bars represent lengths of samples taken for 
analysis. 
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shows the effect of zone-melting on a mixture of methy] 
palmitate and methyl palmitoleate. The fractionation 
shown is far from ideal, but is given here as an example 
of the application of a new principle to the purification 
of lipids. 

Schlenk (12) has reviewed the use of inclusion com- 
plexes of urea with straight-chain organic substances. 
Because urea readily forms inclusion complexes with 
straight-chain molecules, it is useful for separating 
these from branched-chain or cyclic molecules. The 
separation of saturated and unsaturated fatty acids by 
urea is less sharp. The tendency of unsaturated fatty 
acids to form complexes with urea decreases with in- 
creasing unsaturation, and progressively more unsatu- 
rated components can be precipitated by serial 
erystallization (13). The method is very useful for 
preparative purposes, and has been used as a 
preliminary step in the preparation of methyl arachi- 
donate (14). Compared to low temperature crystalliza- 
tion, the urea method has the advantage of more 
convenient working temperatures, usually above 0°, 
and it is easily adapted to both small-scale and large- 
scale work. The method must be considered, however, 
more as a concentration step than as a quantitative 
separation between groups. 

Chemical modification of the fatty acids has been 
widely used to increase differences between homologues 
and to make their separation easier. Formation of 
salts, hydroxamie acids, and other carboxyl deriva- 
tives have been used to achieve this end. Unsaturated 
acids have traditionally been isolated as their poly- 
bromides, but this procedure induces a certain amount 
of cis-trans isomerization. A parallel procedure which 
does not induce isomerization has been introduced 
recently. Jantzen and Andreas (15, 16) have studied 
the reaction kinetics between unsaturated fatty acids 
and mercuric acetate in methanol. Mercuri-methoxy 
addition compounds form easily at room temperature. 
Cis-unsaturated acids react and precipitate much more 
rapidly than trans acids, thereby allowing separation 
of these isomers. The addition compounds may then be 
decomposed to yield the original unsaturated acids. 
The mercuri-methoxy derivatives of various polyenoic 
acids have also been used for their separation by 
chromatography (vide infra). 


DISTILGLATION METHODS 


In contrast to the foregoing methods of separation, 
fractional distillation separates primarily according to 
chain length. Murray (17) has reviewed its uses in 
lipid analysis and has commented upon the design of 
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suitable equipment. A variety of very efficient stills is 
now available, among which brush stills and whirling- 
band columns have particular applicability to the 
distillation of long-chain methyl] esters. They provide a 
minimal pressure drop from pot to head of column. 
This has the practical effects of lowering the pot 
temperature necessary to drive a distillation and, con- 
sequently, of minimizing thermal polymerization of 
the charge. However, the low pressure which is neces- 
sary to distill the longer esters at temperatures below 
200° substantially decreases the fractionating effi- 
ciency. Conditions for distillations should be chosen 
as a compromise between nonalteration of the sample 
and maximum efficiency of separation. Overlapping 
zones must be expected between fractions of different 
chain lengths, and only partial separation according to 
unsaturation may be achieved. Table 2 shows an ex- 
ample of the results that can be obtained, with reason- 
able care, by using the whirling-band column as a 
preparative tool (14). This study gives the practical 
details of the distillation procedure that are essential 
for high efficiency. The so-called amplified distillation 
of methyl esters in a larger amount of hydrocarbons 
has been useful for the fractionation of samples of less 
than 1 g (18). However, since the advent of the several 
chromatographic techniques now in common use, dis- 
tillations are no longer needed except for the concen- 
tration of minor components and as steps in isolation 
procedures. Preparative gas-liquid chromatography 
may supplant small-scale distillation because of the 
sharpness of separation it offers (wide infra). 

A pot residue of polymerized material is normally 
found after fractional distillation of highly unsatu- 
rated fatty acid esters. To avoid residues it may be 
desirable to work at the highest possible vacuum and 
speed, even if a good fractionation must be sacrificed. 
Molecular distillation allows minimum pressures and 
temperatures, and the rotary still developed by Biehler 
et al. (19) minimizes the time of exposure to heat, 
thereby further decreasing oxidation or polymerization 
of highly unsaturated esters, yet retaining a useful 
degree of chain-length separation. Hektogram or kilo- 
gram quantities may be distilled with laboratory 
models of rotary molecular stills. Figure 2 shows the 
results of such a molecular distillation of the methyl 
esters of the fatty acids of cod liver oil. 


ADSORPTION METHODS 


Adsorption chromatography, usually performed on 
columns of alumina, silica, or other inorganic material, 
has been a valuable tool in lipid analysis for several 
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decades (20). Good examples of its use are the separa- 
tion of free acids from neutral lipids, the fractionation 
of nonsaponifiable lipids on alumina columns (21), 
and the many good adsorption chromatographic meth- 
ods now in use in the field of steroids (22). Chroma- 
tography in columns has been used with good results 
for the separation of cholesterol esters, triglycerides, 
free cholesterol, and phospholipids of serum (23, 24). 
Hirsch and Ahrens (25) have reviewed this field, given 
illustrations of the potentiality of the technique, and 
suggested a standardized procedure for separating 
these classes of compounds. Wren and Mitchell (26) 
have extended the use of silicic acid columns to the 
separation of complex lipids, many of which are un- 
identified and some of which contain 
residues. 


amino acid 

Adsorption chromatography is not easily adapted to 
paper because paper adsorbs polar solvents sufficient- 
ly to make the system separate partly by partition, 
even after impregnation of the paper with the adsorb- 
ent. Some suitable adsorbents may need treatment at 
high temperatures to give the desired activity, thereby 
excluding the use of paper. Recently, however, a suc- 
cessful application of adsorption chromatography to 
the separation of the tocopherols on paper impregnated 
with zine carbonate has been reported (27). 

Two relatively recent techniques employ adsorption 
chromatography on a microscale. Glass-fiber sheets 
are able to withstand the high temperatures necessary 
for activation and can be used as support for thin 
layers of common adsorbents. Dieckert and Reiser 
(28) have developed systems of glass-paper chroma- 
tography and methods of detecting spots after develop- 
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i. 
50 75 
PERCENT OF SAMPLE 
Fic. 2. Composition of serial fractions obtained during dis- 
tillation of cod-liver oil fatty acid methyl esters in a rotary 
molecular still. The stepwise curve indicates iodine value and 
the size of the cuts. The smooth curves indicate the variation 
in content of representative esters in the several fractions. 
Composition of fractions was determined by area proportiona- 
tion of gas-liquid chromatograms in this laboratory. Fractiona- 
tion and determination of iodine values were performed at 
Johan C. Martens and Co., Bergen, Norway, by courtesy of 
Robert Nergaard. 


ment of the papers. These techniques have been used 
for the separation of lipid classes and bile acids and 
their metabolic products (Fig. 3). Recently the method 
has been used as part of a quantitative microdetermi- 
nation of cholesterol in serum (28a). 

Thin-layer chromatography on glass plates also 
allows adsorptive separation of small quantities of 


TABLE 2. FRACTIONATION OF METHYL ESTERS OF POLYUNSATURATED FAtTty ACIDS OF PORK LIVER 
BY WHIRLING-BAND DISTILLATION (14) * 








Fractions 1-3 4 5-9 10 


Pot temperature 160°-165 


Weight 
per cent of 


original sample 1.0 1.8 1.0 


11-17 


| 170°-178 


| 


18-20 21-30 31-3: 


Residue 


183°-195 200 


9.8 3A 


* Chain lengths present in each fraction determined by paper chromatography. 
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lipids. This technique, developed by Kirchner and 
Miller (29) and by Stahl (30), employs layers of 
silica or other adsorbents, approximately 0.25 mm 
thick, on glass plates. Spots may be developed by tech- 
niques similar to those used for glass-paper chroma- 
tography. Glass-fiber and glass-plate methods have 
the advantage that they allow the use of a sulfuric 
acid spray and charring as a general purpose detector 








tied ® ~ 


Fig. 3. Separation of blood lipids on glass paper coated with 
1% silicic acid. The solvent was isooctane; the time of running 
was 9 minutes. The samples were (1) 2 wg cholesterylacetate; 
(2) 2 wg cholesterol; (3) 10 ul of a Bloors extract of serum 
representing a 1:5 dilution of the serum; and (4) 10 ul of the 
same extract hydrolyzed with KOH. Illustration by courtesy of 
James B. Hamilton. Developed with H2SQ,. 


of organic materials as well as other specific reagents. 
Both methods tend to give more discrete spots than 
paper chromatography techniques, allowing the separa- 
tion and detection of very closely related substances. 
Mangold and Malins (30a, 30b, 41) have investi- 
gated the separation of lipid substances by thin- 
layer chromatography, and Figure 4 shows a separa- 
tion of some unsaponifiable substances using their 
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Fic. 4. Thin-layer silicic acid chromatography according to 
the techniques of H. K. Mangold and D. C. Malins, using 
vertical ascending chromatography for 50 minutes. The solvent 
was ethyl acetate: light petroleum ether, 20/80(v/v). The 
samples were (1) squalene; (2) a-tocopherol; (3) mixture of 
1, 2, 4, 5, and 6; (4) vitamin A; (5) cholesterol; and (6) sela- 
chy] alcohol. Developed with H2SO,. 


technique. The esters of epoxy, hydroxy, conjugated, 
and nonconjugated —— ited fatty acids are simi- 
larly separable (31, 32). The separation and identifi- 
cation of some pan isomers of unsaturated oxy 
acids have been accomplished by thin-layer chroma- 
tography, although separation of these substances 
could not be demonstrated by paper or gas-liquid chro- 
matography. Thin-layer and glass-paper chromatog- 
raphy are a useful adjunct to adsorption chroma- 
tography on columns because they allow rapid scanning 
of the gross separation by a micromodification of the 
same procedure. Modern methods of monitoring ad- 
sorption chromatograms reveal the separation of such 
closely related substances as structural and stereo iso- 
mers and lipids that differ only by a functional group. 
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For separation of large amounts of substances hav- 
ing greatly different adsorptive properties, batch ad- 
sorption may be more convenient than column 
chromatography. For example, this laboratory has 
employed batch adsorption for the isolation of pure 
oxy fatty acid esters from natural oils and autoxidation 
mixtures. 

A special technique of displacement chromatography 
on carbon columns was introduced by Tiselius and his 
students and has been applied to fatty acids and 
esters (33). In this technique the zones of substances 
migrate, one immediately following and displacing the 
other, and therefore the method demands very sharp 
fronts of the eluting zones. A very efficient column is 
required, and one consisting of a series of segments of 
decreasing volumes, joined by capillaries, has been 
developed for this purpose (34). Displacement chro- 
matography has been used for the separation of cer- 
tain unsaturated acids, as illustrated in Figure 5. 





290 mu 


ABSORBANCE 


INTERFEROMETER READING 














ML EFFLUENT VOLUME 


Fic. 5. Separation of 400 mg fatty acids of Apodenthria un- 
dulata by displacement chromatography using light absorbance 
at 290 my to detect the conjugated triene component. The solid 
curve represents the micrometer readings (a measure of re- 
fractive index) plotted against effluent volume. The dotted 
curve represents a plot of relative absorbance at 290 my versus 
effluent volume. The displacer was 1% ethyl stearate in 95% 
ethanol and adsorbent was Darco G60 charcoal. 


Carrier-displacement chromatography, a modification 
of this technique, has given good separations of homol- 
ogous series. Small amounts of the acids to be sepa- 
rated, plus larger amounts of their respective esters, are 
chromatographed together, the latter acting as carriers. 
Thus the sample acids emerge spatially separated by 
their esters. Displacement chromatograms have been 
monitored by paper chromatography as well as by 
refractometry. As in most chromatographic methods, 
overlapping zones occur, and displacement techniques 
inherently cannot give as good separations as can some 
other recent chromatographic techniques because the 
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zones are adjacent and displace each other. However, 
the multiple column designed to exploit displacement 
chromatography is theoretically and practically the 
most efficient column available. It can be used to ad- 


vantage with other forms of column chromatography 
(34). 


PARTITION METHODS 
Countercurrent distribution was first investigated by 
Craig and his colleagues for the separation of fatty 
acids and esters, and the field has been expanded by 
Dutton (35). Use of a strongly polar solvent to over- 
come association of fatty acids is necessary to obtain 
good separations of these compounds, but less polar 
solvents are suitable for the separation of esters (36), 
particularly from mixtures containing oxygenated 
components (32). In countercurrent distribution, as 
in other methods of pure liquid-liquid partition, the 
partition coefficients are influenced by unsaturation as 
well as by chain length. The effect of increasing the 
chain length by two methylene groups is opposite to, 
and nearly equal to, that of increasing the unsaturation 
by one double bond. Thus ecicosadienoic, oleic, and 
palmitic acids migrate as one group, and _ linoleic, 
palmitoleic, and myristie acids as another (Table 3). 


TABLE 3. ANTICIPATED SEPARATION OF FATTY ACIDS 
BY PARTITION METHODS UsiInNG PAPER CHROMATOGRAPHY 








R; Value 
16:4 

10:0 12:1 14:2 16:3 18:4 20:5 22:6 
12:0 14:1 16:2 18:3 20:4 22:5 
14:0 16:1 18:2 20:3 22:4 
16:0 18:1 20:2 22:3 
18:0 20:1 22:2 
20:0 22:1 

7 22:0 

0 


The groups of fatty acids having higher Rr values at the 
top of the table are potentially more complex if the natural 
mixtures are not subjected to prior group separation as, for 
example, by chain length (diagonal cuts). 


After preliminary group separations, countercurrent 
distribution has its greatest usefulness in the prepara- 
tion of pure acids in quantities above the capacity of 
chromatographic columns (37). It has the disadvan- 
tage that a large, delicate, and complicated apparatus 
is required. 








rch 
960 


by 
ty 
by 


in 
lar 


ed 
as 


he 


he 
to, 
on 
nd 
1c, 
3). 


the 
ral 
for 


‘ome SEPARATION OF LIPIDS 397 


Sumber 5 


Partition chromatography is being applied to nearly 
very field of lipid research, the solvent composition 
ing governed by the particular substances handled. 
rhe less polar solvent is customarily used as the sta- 
tionary phase, and may be a high boiling hydrocarbon, 
silicone, or similar substance adsorbed on diatomaceous 
earth (kieselguhr, Celite®), or cellulose powder. The 
eluting solvent usually contains a high proportion of 
acetic acid, acetonitrile, or similar polar solvent. Con- 
trary to adsorption chromatography, partition methods 
usually require some form of temperature control to 
obtain sharp separations because the phase equilibrium 
is affected by temperature changes. 

Hirsch (38) has applied Boldingh’s rubber columns 
to the separation of fatty acid esters (Fig. 6) and 


Methyl Ester Separation 


Rubber column: 1450 x10 mm. 
Solvent: 12% He0/acetone (v:v) 


one of two techniques. Kaufmann (1) and his students 
have developed methods using undecane as the sta- 
tionary phase, and aqueous acetic acid as moving 
solvent. The spots are detected by converting the fatty 
acids to heavy metal salts, which are treated with 
reagents that give colored products with the metal ion. 
Different paraffins may be used, but undecane has been 
preferred because it is easily removed by heating the 
paper before developing the spots. Quantification may 
be obtained by spot density measurements or by 
polarography of the metal ion eluted from the spot. 
Schlenk et al. (8) used siliconized papers, and aqueous 
acetie acid or acetonitrile as solvents. They developed 
the spots by complex formation of the fatty acids with 
a-cyclodextrin followed by exposure to iodine vapor. 


C-18 series 


Charge: C-16 83mg. C-18(=) 6.0 mg. 
C-18 7.7 * C-18(3) 4.5 * 


C-18 (=) 5.0 * 


C-18 C-16 
C-18 (=) 


N 
/\ 
f \ 


C-18(=) C-18(=) 


} \ | 
\ ) \ / 


= 


\ \ 
VV N / ya bahay 


[2.42510 °RI.units +—-=15 min. 


Fic. 6. Separation of fatty acid methyl esters on a rubber column monitored 

by a differential refractometer. The tracing reads from right to left and the 

first peak is the solvent front. The abscissa is time and the ordinate is refractive 
index. Courtesy of Hirsch (38). 


Jellerman and Schlenk (39) have reported the use of 
silicone-Celite® columns for the same purpose. Al- 
though a nonpolar column has usually been used in 
lipid work, some recent applications using a more 
polar stationary phase show great promise. The sepa- 
ration of certain steroids on columns containing 
propylene glycol or ethylene glycol (22), as well as 
the separation of fat-soluble vitamins on polyethylene 
glycol-Celite® columns (40), are typical examples. 
These columns are very stable, are less subject to 
bleeding as a consequence of temperature variation, 
and have the advantage that they may be eluted at a 
higher rate. 

Reversed-phase partition chromatography on paper 
is a convenient tool in microscale lipid work. Separa- 
tion of fatty acids is usually performed according to 


The a-cyclodextrin will stain with iodine, whereas the 
complex will not react, thus giving white spots on a 
violet background. Alternatively, unsaturated sub- 
stances may be stained by iodine vapor alone. (Hu- 
midification is necessary before exposure to iodine 
vapor.) This method of detection has the advantage 
over those using metal salts, in that no washing of the 
papers is necessary and the whole development may 
take only a few minutes. Quantitative radiometry in 
paper chromatography of fatty acids has been re- 
ported. Mangold et al. (43) methylated the acids with 
radioactive diazomethane and measured the activity 
in the paper, whereas Kaufmann and Budwig (42) 
used salts of radioactive cobalt. 

Several techniques have been devised to overcome 
the overlapping of groups encountered in partition. 
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Removal of either the saturated or the unsaturated 
acids may sometimes solve the problem. Saturated 
acids may be removed by running the papers at low 
temperatures to freeze out those acids at the starting 
point of the chromatograms. This technique has certain 
restrictions, as, for example, the residual solubility of 
the saturated laurie acid and the limited solubility of 
the unsaturated erucic acid at a given low temperature. 
Unsaturated acids may be removed by running the 
chromatograms in peracetic acid, thereby oxidizing the 
unsaturated acids, with the result that these migrate 
with the solvent front (43). Further modifications of 
fatty acid paper chromatography include hydrogena- 
tion of unsaturated acids on the paper (1), and the 
addition of mercuri-methoxy groups to the double 
bonds of the esters (15, 16, 44). The latter deriva- 
tives are more polar than the original esters and 
otherwise inseparable groups may thus be sepa- 
rated by partition methods. Saturated fatty acids of 
20 to 30 carbon atoms have been separated on paper 
as the mercuric acetate addition compounds of their 
allyl esters (45). Recently a technique for the saponifi- 
cation of small amounts of fats on the paper prior to 
paper chromatography of their fatty acids has been 
reported (46). 

Two-directional chromatography (adsorption in one 
direction; partition in the other) has been successfully 
applied to the separation of tocopherols (27), and 
circular-paper chromatography may be convenient in 
the separation of closely related compounds. Paper 
chromatography cannot be expected to give the sepa- 
ration efficiency of gas-liquid chromatography. It is, 
however, a convenient, quick, and inexpensive method, 
and a valuable tool in monitoring preparations. 


GAS-LIQUID CHROMATOGRAPHY 


Gas-liquid chromatography has lately drawn the 
interest of the lipid chemists and is a technique under- 
going rapid development. The method was introduced 
by James and Martin (47) when they separated the 
normal saturated carboxylic acids up to 12 carbon 
atoms in chain length. Cropper and Heywood (48) 
extended the method to the separation of the methyl 
esters of even-numbered fatty acids up to behenic 
acid, and since then there has been a rapid expansion 
in the use of this method in the lipid field. 

The general theory and practice of the gas chroma- 
tographic methods are extensively treated in recent 
textbooks and reviews (49 to 56), and the problem of 
presenting the increasing amount of data in a con- 
sistent way has led to the recommendations of the 
Amsterdam Committee (57, 58). Some developments 
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in the field of separation of fatty acid methyl] esters 
have been described by Farquhar et al. (59). The 
emphasis in recent studies of gas-liquid chromatogra- 
phy in this particular field has been in improving sepa- 
ration by finding more suitable stationary phases and 
in improving the instrumentation. It has thus been 
possible to extend the working range for methy] esters 
of fatty acids as far as 34 carbon atoms (60) and to 
detect and estimate components below 0.05% of the 
original sample (59). 


In the last few years a number of instruments for 
gas-liquid chromatography have become available 
commercially. In order to reduce the working tem- 
perature, to speed up the chromatograms, and to 
improve the separation, it is common practice to con- 
vert the substances to lower boiling derivatives. The 
fatty acids are usually separated as methyl esters, 
although sometimes higher esters are used. 

The supporting materials for the packed columns 
are kieselguhr (Celite®) or ground firebrick, although 
some experiments with sodium chloride (61), and even 
with rings of stainless steel gauze, have been reported 
(62). The stationary liquid phases used in work with 
fatty acid methyl esters and similar compounds are 
either of the nonpolar type such as the paraffin greases 
and silicone products, or of the polar type such as 
polyesters. With nonpolar phases, unsaturated and 
branched components emerge before the corresponding 
saturated ones, whereas with polar phases, unsaturated 
acids emerge after their saturated analogues. Late- 
emerging components of one chain-length group may 
be retained in the column so long that they overlap 
with components from the following chain-length 
group. 

The efficiency of separation in a column is the result 
of at least two factors: column efficiency and solvent 
efficiency. Column efficiency is often expressed as the 
height equivalent of a theoretical plate and is meas- 
ured by the spread of a component when it passes 
through the column. This is related to many factors 
associated with the packing and design of the column. 
The solvent efficiency, or separation factor, depends 
on the distribution coefficients of the different solutes 
between the liquid and the gas phases. It is expressed 
by the ratio of the retention volumes of two peaks. 
The choice of stationary phase depends in each case 
on the particular separation desired. The plate effi- 
ciency of a polar column is usually less than that of a 
nonpolar column. Experienced investigators have been 
able to obtain columns of the latter type with a height 
equivalent of a theoretical plate as good as 0.3 mm 
(63, 64, 65). 
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The capillary columns introduced by Golay (66) 
have height equivalent of a theoretical plate of the 
same order as packed columns but they give better 
separation because of the extreme length of the column 
and the very small charge used. These columns there- 
fore demand very sensitive detectors. Capillary col- 
umns have been used by Lipsky and co-workers (67, 
68) and promise separation of isomers of fatty acid 
esters (84). 

The carrier gases preferred in work with fatty acid 
esters have been argon, helium, hydrogen, and nitro- 
gen. Argon is used in instruments equipped with B-ray 
argon ionization detectors. Helium is commonly used 
in the United States in instruments with thermal con- 
ductivity detectors, radio frequency detectors, and 
thermionic ionization detectors, while the less expen- 
sive gases, hydrogen and nitrogen, are in common use 
with thermal conductivity detectors elsewhere. Hydro- 
gen alone or mixed with another gas is used in connec- 
tion with flame- and flame-ionization detectors. 

The practical identification of components in a 
chromatogram is achieved by the use of standards. 
Members in a homologous group may be identified by 
plotting the logarithms of retention times, or retention 
volumes, versus some group quality, such as chain 
length or degree of unsaturation. However, care must 
be exercised because different components may behave 
similarly on a given column. Either operation of the 
oven at two temperatures or use of two columns based 
upon different separatory principles is mandatory in 
making identification certain. 

The concept of “carbon number” is a rather new 
method of presenting qualitative data from gas-liquid 
chromatography of fatty acid esters (69, 70). Carbon 
numbers represent no difference in principle from 
relative retention times but are perhaps of practical 
value because they indicate more directly and vividly 
the position of a component in the elution pattern. 

James (64) has devised a method to determine the 
degree of unsaturation of straight-chain and simpler 
branched-chain components. By plotting the logarithm 
of the retention time measured on one stationary phase 
against similar values from a different stationary 
phase, saturated components lie on one straight line 
and monoenes, dienes, trienes, etc., lie each on a sepa- 
rate parallel line. 

The quantitative aspect of gas-liquid chromatogra- 
phy has been studied by several investigators. A serious 
problem arises from the fact that the detectors do not 
always give a response proportional to concentration. 
The detectors most frequently used in the lipid field 
have been the gas-density balance, the thermal con- 


ductivity cell, and the B-ray argon ionization cell. 
The gas-density balance has the simplest relationship 
between signal and effluent composition. The response 
depends only on the difference in concentration and 
molecular weight between the component and the car- 
rier gas. This detector was introduced in gas-liquid 
chromatography by Martin and James (71) and has 
been used by several investigators (3a, 69, 72 to 76). 

For other detectors the response is not a simple 
function of concentration and molecular weight. The 
thermal conductivity cell, first used in gas-solid chro- 
matography by Claesson (77), is perhaps the most 
widely used. Its response varies not only with the 
amount but also, as a rule, with the type of compound 
being detected (78). However, with hydrogen or helium 
as carrier gas, the response of a thermal conductivity 
cell is less dependent upon the nature of the com- 
ponents than when nitrogen is used. Therefore one 
may omit calibration when using one of the two light 
gases if the constituents do not vary too much in type. 
Calibration is always essential to ensure results of 
high accuracy. The practice of comparing peak areas 
with weight per cent for one homologous group and 
with mole per cent for another closely related group is 
the result of the omission of the necessary calibration. 
Rosie and co-workers (79) claim that the response of 
a thermal conductivity detector with helium is inde- 
pendent of the individual sensing unit (hot wire or 
thermistor), the concentration, and the temperature of 
the detector, and depends only on the molecular weight 
and class of the compound. They have published a 
list of relative response factors for some hydrocarbons, 
ketones, alcohols, ete. (80). However, Sgrensen and 
Sgltoft (81) have shown that the relative response for 
the methyl] esters of fatty acids varies with amount as 
well as with chain length and unsaturation when nitro- 
gen is used as carrier. Jart (82) reported similar find- 
ings and found nonlinearity of the response using 
helium (83). Beerthuis and co-workers (84) have 
avoided these difficulties by converting the components 
to COz before passing the gas stream into the detector. 


Lately, the B-ray argon ionization detector of Love- 
lock’s design (85, 86) has attracted considerable inter- 
est. This and the flame ionization detector have a very 
high sensitivity and may therefore be employed in 
connection with capillary columns. Both detectors are 
also commonly used with ordinary packed columns. 
Linearity of response with vapor concentration is 
claimed for these detectors but the proper conditions 
for linearity must be ascertained (59, 87). 


However, in spite of the difficulties.in making quan- 
titative measurements, variation between the lipid 
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compositions of similar biological samples is often so 
great that the inaccuracies of the detector are not ap- 
parent to the investigator and are small compared to 
the biological comparisons to be made. By gas-liquid 
chromatography it is possible to get qualitative and 
quantitative information impossible to collect by other 
methods. 
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Another question in connection with the qualitative 
and quantitative interpretation of the chromatogram 
is the stability of the substances inside the column. It 
is well established that esters of polyunsaturated acids 
are astonishingly stable at temperatures up to 200° 
(88). Transesterification, however, may take place in 
columns packed with polyesters. Orr and Callen (89) 
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Fic. 7. Gas chromatogram showing the separation of mono-, di-, and triglycerides on a temperature- 

programmed silicone rubber Celite® column. The numbers on the peaks refer to the chain lengths of 

the constituent fatty acids. Upper curve: rearranged mixture of glycerol: cocoanut oil, 1:10. Lower 
curve: rearranged mixture of glycerol: cocoanut oil, 1:1. Courtesy of Huebner (95). 
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ave shown that this is the case for at least one of the 
dolyesters at 240°, but their finding is questioned by 
ink et al. (90). Work recently done in this laboratory 
adicates that esters of some unsaturated hydroxy and 
iydroperoxy acids will undergo dehydration to more 
iighly unsaturated derivatives, and that conjugated 
polyunsaturated esters may undergo cis-trans isomeri- 
zation (32). In addition to the possibility of alterations 
during the run, gas-liquid chromatography suffers the 
disadvantage that some components of the sample may 
never emerge from the column, and therefore will be 
undetected. This may cause significant errors in caleu- 
lations of composition since these are often based on 
emerging components only. 

The preparation of methyl esters of fatty acids on 
a microscale is often necessary prior to analysis by 
gas-liquid chromatography. The esterification, al- 
though a simple procedure on a large scale, presents 
some difficulties when milligram or microgram quanti- 
ties must be handled. Three micromethods have been 
offered recently for the conversion of lipids to methyl] 
esters of their component fatty acids. Stoffel et al. 
(91) employed catalyzed transesterification in meth- 
anol followed by short-path distillation of the methyl] 
esters to free them from nonsaponifiable matter. Luddy 
et al. (92) used sodium and potassium methylate in 
excess methanol to convert sterol esters, glycerides, 
and phospholipids to methyl] esters of their fatty acids, 
followed by separation of the esters from other sub- 
stances by silicic-acid chromatography. These two 
methods were devised to avoid the saponification of 
lipids and the extraction of nonsaponifiable matter, 
which is often an unsuitable procedure with minute 
samples. By studying the conditions of the reaction, 
Schlenk and Gellerman (92a) have removed many of 
the objections to the use of diazomethane for conver- 
sion of free acids to methyl esters. By use of 10% meth- 
anol in ether as solvent, and by avoiding an excess of 
diazomethane, they were able to prepare methyl esters 
without demonstrable formation of polymers or vola- 
tile side products. Their method is proposed as a 
microesterification suitable for preparation of C™ 
methyl esters and is performed on such a small scale 
that the hazard of explosion caused by mishandling 
diazomethane is removed. 

The use of the gas-liquid chromatographic technique 
in the lipid field has not been restricted to the fatty 
acids and their esters. Cropper and Heywood (48) 
have separated fatty alcohols; Link and co-workers 
(90, 93) have separated fatty alcohols and nitriles; 
and McInnes et al. (94) have estimated monoglycer- 
ides quantitatively. Huebner, using temperature pro- 
gramming, has separated mono-, di-, and triglycerides 


on a short column of silicone rubber on Celite®, as 
shown in Figure 7 (95, 96). Glyceryl ethers have been 
separated as their acetates on a polyester column by 
Blomstrand and Giirtler (97), and Figure 8 shows a 
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Fia. 8. Separation of glyceryl ethers and elutions of squalene 
using a 0.35 X 60 cm column packed with 5 g 80 to 100 mesh 
Celite® coated with Apiezon L. Temperature 220°, flow rate 
80 ml argon per minute 8-ray argon ionization detection. 


similar separation on a nonpolar column, as well as the 
elution of squalene from the hydrocarbon fraction from 
olive oil. 

Gas-liquid chromatography has a great potential 
usefulness in combination with other chemical and 
physical methods of investigation. Passing the effluent 
gas through such instruments as infrared and ultra- 
violet absorption spectrometers, emission spectro- 
graphs, mass spectrometers, ete., are possibilities. Little 
work has been done along along these lines as yet. 
James and co-workers (98) have, in a study of the 
metabolism of propionic acid, collected radioactive 
fatty acids and esters from the gas chromatograph, and 
Popjak et al. (99) have connected their column di- 
rectly to a radioactivity counter. Fractions may be 
collected from the gas stream for further study, pro- 
vided the components are not destroyed by the method 
of detection. In our laboratory, ultraviolet and infrared 
spectra of the zones from gas chromatographs have 
been used for partial identification of substances (31). 
Moreover, components separated on thin-layer chro- 
matographs provide sufficient material for identifica- 
tion by gas chromatography and ultraviolet and infra- 
red spectra. Conversely, the zones from gas chro- 
matographs may be rechromatographed on thin-layer 
plates for verification of identity and uniformity (32). 

It is always possible to collect microgram quantities 
from an analytical gas chromatograph, but specially 
designed columns and detectors are usually needed in 
order to allow collection of significant amounts. Pre- 
parative columns have generally been constructed by 
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the individual investigators, but recently preparative 
instruments or additions to older models have appeared 
on the market. Most of these are designed for samples 
up to one milliliter, but one manufacturer claims that 
his instrument has a capacity of 50 ml, and that it has 
separated fatty acid methyl esters up to Cy, (100). 
Fulco and Mead (101) have prepared as much as 90 
mg of an eicosatrienoate by gas-liquid chromatography 
and liquid-liquid column chromatography. One serious 
disadvantage of preparative gas-liquid chromatogra- 
phy is the possible contamination of products due to 
bleeding of the stationary phase, and some subsequent 
purification is often necessary. 


COMPARISON OF METHODS OF ANALYSIS 


In an attempt to compare analytical methods, 
Schlenk et al. (101a) applied gas-liquid chromatogra- 
phy, several versions of paper chromatography, and al- 
kaline isomerization to one preparation of methy] esters 
of fatty acids from Chlorella pyrenoidosa. Gas-liquid 
chromatography was found to be more rapid and re- 
producible and to have greater resolving power than 
the other methods, but it may give erroneous results 
because of the presence of nonvolatile components. The 
quantitative results from the three methods were in 
general agreement for the major components (Ci, and 
Cis). Results obtained by alkaline isomerization of the 
Cys fraction differed from those by the other methods 
probably traceable to impure linolenate standards. The 
error was increased when Cg, standards were used for 
Ci¢ fractions. With these fractions the use of 16:2 and 
16:3 standards yielded data in better agreement with 
those obtained by paper chromatography and gas- 
liquid chromatography. 

Alkaline isomerization, iodine value, and gas-liquid 
chromatography were applied to vegetable oils and 
synthetic mixtures by Craig and Murty (102). They 
found that iodine values calculated from gas-liquid 
chromatography data agreed well with those found by 
direct measurement. Spectral analysis by the standard 
methods of the American Oil Chemists’ Society gave 
lower values for linoleate and higher values for linole- 
nate than did gas-liquid chromatography, and this was 
especially apparent in oils with a high proportion of 
linolenic acid. Gracian et al. (103) have compared the 
composition of olive oil as measured by ester distilla- 
tion, thiocyanogen value, gas-liquid chromatography, 
alkaline isomerization, and quantitative paper chroma- 
tography. Although the methods measured different 
groups of components, wherever comparison was pos- 
sible, the several methods yielded very similar data. 
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For example, the content of monoenoic acids was 
found to be 75.9%, 75.5%, 74.7%, 76.8%, and 
75.79%, respectively, measured by the methods listed 
above. Tuna et al. (104) used both alkaline isomeriza- 
tion and gas-liquid chromatography for the analysis 
of the fatty acids of plasma and atheromatous plaques. 
The results obtained by isomerization fitted well with 
those of gas-liquid chromatography, and errors in the 
measurements of the moderately unsaturated acids by 
isomerization were minimal. Herb et al. (105) have 
analyzed model mixtures of fatty acid methyl esters 
and have found good agreement between the known 
composition and the composition determined by gas- 
liquid chromatography and by alkaline isomerization. 
Similar agreement has been demonstrated by Insull 
and Ahrens (3a) in their studies on human milk fat. 


CONCLUSIONS 


From the foregoing, it should be apparent that the 
methods of analysis of fatty acids and other lipid com- 
ponents have been improved considerably in the last 
decade. The lower limit of detection of individual com- 
ponents has been diminished at least one order of 
magnitude, and the separation of individual com- 
ponents has been improved. Now even trace compo- 
nents can be detected and measured in the usual lipid 
sample, and major components can be measured in 
only trace amounts of material. The amount of a bio- 
logical specimen now needed for analysis is so small 
that animals and tissues need not be pooled, and 
analysis of biopsy samples is readily achieved. Many 
new biological problems now await solution, and the 
investigator has at his disposal a choice of rapid and 
precise methods, the tools for which range from com- 
plex electronic equipment down to simple inexpensive 
implements that can be made in the laboratory. 

Current methods of fatty acid analysis give com- 
parable results and each has its advantages and may 
be applied within its limitations to chemical and bio- 
logical problems. It appears that the advent of gas- 
liquid chromatography need not mean the extinction 
of other methods of lipid analysis. Every man should 
think for himself. 
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SUMMARY 
ssette. _A procedure has been developed that permits the synthesis of mixed-acid a,6-diglycerides in 
| either one of the four theoretically possible isomeric forms. Each is obtainable as a pure 
. Am. compound devoid of any contamination with positional or spatial isomers. Their fatty acid 
substituents may consist either of two dissimilar saturated fatty acids or a saturated and an 
1959. unsaturated fatty acid. The procedure has been applied to the synthesis of p-a-stearoyl-8- 
minte’ oleoylglycerol and p-a-oleoy!-8-stearoylglycerol, the first mixed-acid diglycerides to be obtained 
1959 in enantiomeric form. 
L. 43: 
chem. i . > . : : : . 
1 he synthesis of optically active glycerides a general procedure that permits the synthesis of all 
FA. has been attempted by Abderhalden and Eichwald four theoretically possible isomers of mixed-acid a,8- 
(1, 2), Bergmann and Sabetay (3), Bergmann et diglycerides (Table 1). These may contain as substitu- 
econd al, (4), and Grin and Limpiicher (5) by methods 
Lichi- that involve the optical resolution of racemic inter- 
41 mediates possessing acidic or basic groups, and the TABLE 1. PosstBLE STRUCTURAL AND SPATIAL ISOMERS 
subsequent removal of these groups to obtain the oF Mixep-AciD a,8-DIGLYCERIDES 
V.E. desired glycerides. None of these methods has given - 
laves. optically pure glycerides (6). The preparation of pure — as tee snk asia ane 
enantiomers of asymmetrically substituted glycerides | H-C-OOC-R’ H-C-OOC-R” R’:COO-C-H_ R”:COO-C-H 
mists’ : ial a . ee SARA aIe | | | 
W ithout — e to the resolution of racemates be — H.C-OOC-R” H.C-OOC:R’ R”-COO-C-He R’-COO-CH: 
site possible with the synthesis of p-acetone glycerol (7, 8) 
and L-acetone glycerol by Baer and Fischer (9). These “ » i L 
Clin. compounds were obtained from p- and L-mannitol by =~ ~ — | 7 —— 
. methods that transfer without loss the asymmetry of 
elder. 





carbon atoms 2 and 5 of the mannitols to the respective 
acetone-glycerols. The p- and L-acetone-glycerols pro- 
vide the sterochemical links from the glycerides to p- 
or L-glyceraldehyde, the stereochemical compounds of 
reference. 

The p- and L-acetone glycerols have been used suc- 
cessfully in our laboratory as starting materials for 
the synthesis of L-a-monoglycerides (7, 10, 11, 12), 
D-a,8-diglycerides (12 to 17), L-a,B-diglycerides (18), 
and enantiomeric asymmetrically substituted mixed- 
acid triglycerides (10, 19), respectively. All such glyc- 
erides prepared to date contained solely saturated 
fatty acid substituents, with the exception of p- and 
L-a,8-diolein (16). So far, no enantiomeric mixed-acid 
a,B-diglycerides have been prepared. We now report 
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ents either two dissimilar saturated fatty acids or a 
saturated and an unsaturated fatty acid. The intro- 
duction of the dissimilar fatty acids is a four-step 
process involving (a) tritylation of an a-glyceryl 
benzyl ether (L-, p- or pL), (b) acylation of the a- 
tritylglyceryl-a’-benzyl ether in the £-position, (c) 
removal of the trityl group with a simultaneous shift 
of the fatty acid from the @ to the a position by hy- 
drogen chloride in petroleum ether, and (d) introduc- 
tion of the second fatty acid substituent in the B 
position. The presence of the benzyl group assures that 
the asymmetry of the glyceryl moiety is fully main- 
tained throughout this procedure. To obtain a mixed- 
acid diglyceride with oleic acid as one of the substitu- 
ents, the double bond of the oleic acid is protected 
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with bromine and regenerated with activated zinc 
after the protective benzyl group has been removed 
by catalytic hydrogenolysis. The configuration of the 
a,8-diglyceride is determined by that of the starting 
material, the L-a-glyceryl benzyl ether yielding pD-a,B- 
diglycerides and the p-a-glycery] benzy] ether yielding 
L-a,6-diglycerides. The procedure permits the prepara- 
tion of either one of the two theoretically possible 
positional isomers of each enantiomer by reversing the 
order of introduction of the fatty acid substituents. 

In the experimental part we describe the application 
of the procedure to the synthesis of D-a-stearoyl-B- 
oleoylglycerol (XII) and p-a-oleoy]-8-stearoylglycerol 
(XIII). The mixed-acid diglycerides were obtained as 
shown by Reaction Scheme 1. Both pb-a-stearoyl-B- 
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tions using as starting materials D-a- or DL-a-glycery! 
benzy] ether, respectively. 

The hydrogen chloride-catalyzed shift of the fatty 
acid substituents from the 8 to the a position is not 
quantitative. The reaction yields mixtures of the de- 
sired a-monoacylglyceryl-a’-benzyl ethers (IV or V) 
and by-products that we have reasons to believe may 
be cyclic monoesters of glyceryl-a-benzyl ethers. The 
components of these reaction mixtures can be readily 
separated by column chromatography on silicie acid. 
The pure D-a-monoacylglyceryl-a’-benzyl ethers (IV 
and V) were obtained in yields from 50% to 52% of 
theory. 

To ascertain whether or not compounds IV and V 
are free of $-acyl isomers, D-a-stearoylglyceryl-a’- 


REACTION SCHEME 1 


H.C-O-Bz H,C-O-Bz H,C-O-Bz 
| ] | 
H-C-0-St ~v H-C-OH — H-C-0-OL => 
| 
| H.C-O-Tr H,C-O-St H,C-O-St 
Ii IV VI 
H.C-O-Bz 
| 
“sane 
H.C-O-Tr 
I 
H.C-0-Bz H.C-0-Bz H.C-O-Bz 
= BOOOL ~ HCOOH = BHCOM ~ 
l l l 
H.C-O-Tr H,C-0-OL H,C-O-OL 
III Vv VII 


H,C-0-Bz H,C-OH H.C-OH 
H-C-0-DBSt > H-G-0-DBSt _ 1-00.01 
H,C-O-St H,C-O-St H,C-0-St | 
VIII x XII 
am 
H-C-O-St 
H.C-0-St 
XIV 
H.C-0-Bz H.C-OH i tone 
H-C-0-8t ~ COS —~ HCO-St = 
| | 
H,C-O-DBSt H,C-O-DBSt H,C-0-OL 
IX XI XIII 


Tr =trityl; Bz =benzyl; St =stearoyl; OL =oleoyl; DBSt =9,10-dibromostearoyl. 


REACTION SCHEME 2 


H,C-O0-CH.2C.H; H2C-O-CH.2C.H; 
| 


H.C-0-CH.2C,H; 


H a 


| 
H-C-OH  ., H-C-OH + H-C-O-FA _— — nin Sor ME 
| | 
H,C-OH H,C-O-FA H,0-0H H.C-O-FA 
IV or V 


}’A=saturated or unsaturated fatty acid. 


* Via the intermediates VI, VIII and X, or VII, IX, and XI of Reaction Scheme 1. 


oleoylglycerol and _ p-e-oleoyl-f-stearoylglycerol on 
catalytic reduction gave in excellent yields D-a,B- 
distearin with the specific rotation ([a]p —2.7°) of 
authentic p-a,8-distearin (13). This confirms, simul- 
taneously, the p configuration of the diglycerides XII 
and XIII, and their optical purity. The antipodes of 
the diglycerides XII and XIII, and their racemic com- 
pounds are obtainable by the same sequence of reac- 


benzyl ether (IV) was freed of its benzyl group by 
catalytic hydrogenolysis. The crude p-a-monostearin 
({@]p +4.0° in pyridine) was obtained in a yield of 
98% of theory, and on titration with periodic acid 
assayed for the pure (100%) a-isomer. Two crystal- 
lizations from ether gave D-a-monostearin that melted 
from 76° to 77° and possessed the specific rotation ++ 
4.1° (in pyridine). This confirms the structural purity 
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of D-a-stearoylglycerol-a’-benzyl ether (IV) and, by 


implication, that of p-a-oleoylglyceryl-a’-benzyl ether 
(V). 

The procedure for the synthesis of mixed-acid a,B- 
diglycerides outlined by Reaction Scheme 1 can prob- 
bly be shortened somewhat by omitting the tritylation 
step. Glyceryl-a-benzyl ethers may be acylated in such 
a manner that mainly the monoglyceride benzyl] ethers 
and little of the diglyceride benzy] ethers are obtained. 
The separation of the mono- and diglyceride benzyl 
ethers, and treatment of the mixture of a- and B-mono- 
elyceride benzyl ethers with gaseous hydrogen chloride 
in petroleum ether, followed by chromatographic sepa- 
ration of the reaction products on a silicic acid column 
should yield pure a-monoglyceride-a’-benzyl ethers 
(Reaction Scheme 2). 

By applying the stepwise introduction of fatty acid 
substituents, with or without the help of trityl inter- 
mediates as outlined by Reaction Schemes 1 and 2, 
to a-iodo-L-propylene glycol (20), a-iodo derivatives 
of mixed-acid a,8-diglycerides can be obtained. These 
may make suitable starting materials for the synthesis 
of mixed-acid a-phosphatides and related compounds, 
if it can be shown that the replacement of the iodine 
by phosphate ester groups proceeds without any migra- 
tion, a point which has not yet been established satis- 
factorily. Since mixed-acid a-iododiglycerides can be 
obtained with any desired mono- or polyunsaturated 
fatty acid substituent, the synthesis of mixed-acid a- 
phosphatides and related compounds containing any 
unsaturated fatty acid (as well as oleic acid) thus is 
possible. 

The synthesis of enantiomeric mixed-acid a-phos- 
phatides from mixed-acid a,B-diglycerides and deriva- 
tives is in progress in this laboratory. 


EXPERIMENTAL 


Materials. t-a-Glyceryl benzyl ether was prepared 
from p-acetone glycerol (21) by the method of Sowden 
and Fischer (13) using the modifications introduced 
by Howe and Malkin (22) for the preparation of the 
corresponding racemic compound. The trityl chloride 
was prepared by either one of the two methods of 
Gomberg (23, 24) as described by Bachmann (25). 
For further purification the trityl chloride was distilled 
in vacuo, b.p. 155° at 0.1 to 0.08 mm Hg, m.p. 113°- 
114°. Anhydrous pyridine was prepared from the best 
commercial grade of pyridine available, by refluxing 
it over barium oxide and distilling it with the exclusion 
of moisture. The benzene was free of thiophene and 
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was dried over sodium wire. Chloroform for use in 
polarimetric and infrared work was freed of ethanol 
by distilling from phosphorus pentoxide. The silicic 
acid was Mallinckrodt, 100 mesh (powder), Analytical 
Reagent, with a 12% weight loss on ignition. It was 
used as provided by the manufacturer, which is im- 
portant if it is to be used for detritylation purposes. 
The palladium catalyst was prepared by the reduction 
of palladium chloride with formic acid as described by 
Tausz and Putnoky (26), except that the palladium, 
after having been washed thoroughly with water, was 
suspended several times in fresh portions of glacial 
acetic acid to remove water, and then was stored under 
glacial acetic acid until used. By avoiding drying of 
the palladium, a much more active catalyst is obtained. 

p-a-Tritylglyceryl-a’-Benzyl Ether (1). To an ice- 
cold solution of 83.6 g (0.3 mole) of pure trityl chloride 
in 200 ml of anhydrous benzene was added slowly with 
stirring, and under anhydrous conditions, a solution 
of 54.7 g (0.3 mole) of L-a-glyceryl benzyl ether and 
32.0 g (0.4 mole) of anhydrous pyridine in 80 ml of 
benzene, and the reaction mixture was kept at room 
temperature (20° to 25°) for 24 hours. At the end of 
this period 1 liter of ether was added and the mixture 
was filtered with suction. The filtrate was washed 
successively with three 600 ml portions of ice-cold 2 
N sulfurie acid, one 600 ml portion of distilled water, 
two 600 ml portions of a saturated sodium bicarbonate 
solution, and finally with two 600 ml portions of dis- 
tilled water. The solution was dried with 200 g of 
anhydrous sodium sulfate, and the solvents were re- 
moved by distillation under reduced pressure from a 
bath at 30° to 35°. The remaining material was kept 
in a vacuum of 0.02 mm Hg until its weight was con- 
stant. The p-a-tritylglyceryl-a’-benzy] ether, a viscous 
syrup, weighed 124.0 g (97.4% of theory), and, as 
shown by fractional precipitation from ether with 
petroleum ether, was a homogeneous substance. It is 
highly soluble at room temperature in benzene, chloro- 
form, or ether; sparingly soluble in petroleum ether; 
and insoluble in water. n3! 1.5985. [a] 7} —4.5° in 10% 
(w/v) anhydrous benzene; [a]7 —2.0° in 10% (w/v) 
ethanol-free chloroform. Mp —19.1° in benzene, Mp 
—8.5° in chloroform. 


Analysis. For CopHes03 (424.6), Calculated, C 
82.05, H 6.65; Found, C 82.06, H 6.83. 


The p-a-tritylglyceryl-a’-benzyl ether when chro- 
matographed on a column of fresh silicic acid hydro- 
lyzes, yielding triphenyl carbinol (m.p. 161°-162°) 
and L-a-glyceryl benzyl ether ([a])7° + 5.58° in sub- 
stance, n?? 1.5293). The latter is recovered from the 
column with a mixture of ether and methanol 1/1(v/v). 
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p-a-Trityl-B-stearoylglyceryl-a’-Benzyl Ether (II). 
To a solution of 63.7 g (0.15 mole) of freshly prepared 
D-a-tritylglyceryl-a’-benzyl ether (1) and 16.0 g (0.2 
mole) of anhydrous pyridine in 200 ml of benzene was 
added a solution of 45.5 g (0.15 mole) of freshly dis- 
tilled stearoy! chloride (27) in 150 ml of benzene, and 
the mixture was kept under anhydrous conditions at 
40° for 20 hours. The reaction mixture then was di- 
luted with 1.2 liters of ether, and the solution was 
washed successively with three 600 ml portions of ice- 
cold 2 N sulfurie acid, one 600 ml portion of distilled 
water, two 600 ml portions of a saturated sodium 
bicarbonate solution, and finally with two 600 ml 
portions of water. The solution was dried with 200 g 
of anhydrous sodium sulfate, and the solvents were 
removed by distillation under reduced pressure.* The 
remaining oil, weighing 98.0 g, was dissolved in 600 ml 
of low boiling petroleum ether, and the solution was 
kept overnight at +6°. The solution was cleared by 
filtration, and the filtrate was concentrated under re- 
duced pressure. The residue was redissolved in 500 ml 
of anhydrous acetone, and the solution was kept for 
2 hours at —80°. The precipitate was collected by a 
brief centrifugation in a refrigerated centrifuge at as 
low a temperature as possible, and was freed from 
solvent by distillation in a vacuum that was gradually 
lowered to 0.05 mm Hg, while the temperature of the 
bath was raised slowly to 40°. The remaining pb-e- 
trity|-8-stearoylglyceryl-a’-benzyl ether, a viscous oil 
(n7* 1.5375) weighing 84.0 g (81.4% of theory) 
solidified gradually. This material is pure enough 
(La]3° —8.7 in 10% w/v chloroform) for the prepara- 
tion of the p-a-stearoylglyceryl-a’-benzy] ether. 

To obtain analytically pure material D-a-trityl-B- 
stearoylglyceryl-a’-benzyl ether was chromatographed 
on silicic acid, although it involves a considerable loss 
of material. A solution of 10 g of the benzyl ether (II) 
in 100 ml of benzene (U.S.P., redistilled) was passed 
through a 130 g Mallinckrodt fresh silicic acid column, 
2.5 em wide and 60 em long, and the column was 
washed with benzene until the eluate was free of 
solute. The first 250 ml of the eluate contained pure 
D-a-trity]-8-stearoylglyceryl-a’-benzyl ether. The re- 
maining benzene eluate contained mostly triphenyl- 
earbinol (2.1 g). The rest of the material was recov- 
ered by passing through the column a mixture of 
benzene and ether 3/1(v/v), and was identified as B- 
stearoy] L-a-glycerylbenzy] ether! (2.5 g m.p. 34°-35°). 

*The detritylation of p-a-trityl-8-stearoylglyceryl-a’-henzy] 
ether by fresh silicic acid takes place without fatty acid migra- 
tion. The experimental application of the detritvlation pro- 
cedure with silicic acid to the preparation of mixed-acid a,8- 
diglvcerides will be reported later. 
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The first 250 ml of the benzene eluate was concen- 
trated under reduced pressure, and the residue was 
freed of solvents in a vacuum of 0.05 mm Hg at a bath 
temperature of 35° to 40°. The p-a-trityl-B-stearoyl- 
glyceryl-a’-benzyl ether, a viscous oil (nj) 1.5400), 
weighing 4.5 g (45% recovery), solidified gradually. 
M.p. 30°-31°, [a]7? —9.5° in 10% (w/v) chloroform. 
My —65.5° in chloroform. 


Analysis. For C4z7Hg204, (691), Calculated, C 
81.69, H 9.04; Found, C 81.70, H 9.00. 


p-a-T'rityl-B-Oleoylglyceryl-a’-Benzyl Ether (III). 
The acylation of the p-a-tritylglyceryl-a’-benzy] ether 
(63.7 g, 0.15 mole) with freshly prepared oleoy! chlo- 
ride (27) (45.2 g, 0.15 mole) and anhydrous pyridine 
(16.0 g, 0.2 mole), and the isolation of the acylation 
product were carried out as described for the D-a- 
trityl-8-stearoylglyceryl-a’-benzyl ether (II) accord- 
ing to the description preceding the asterisk. The 
material thus obtained (97.0 ¢) was dissolved in 600 
ml of low boiling petroleum ether, and the solution was 
kept overnight at —25°. After removal of a small 
turbidity by centrifugation in a refrigerated centrifuge, 
the clear supernatant was concentrated under reduced 
pressure. The residue was redissolved in 500 ml of 
anhydrous acetone, and the solution was kept for 1 
hour at —80°. The precipitate then was removed by 
a brief centrifugation at as low a temperature as pos- 
sible in a refrigerated centrifuge, and the supernatant 
solution was concentrated by distillation under reduced 
pressure from a bath at 35° to 40°. The rest of the 
solvent was removed in a vacuum of 0.02 mm Hg. 
The p-a-trityl-2-oleoylglyceryl-a’-benzyl ether (IIT) 
weighing 79.5 g (76.9% of theory) was pure enough to 
be used directly for the preparation of D-a-oleoylglye- 
eryl-a’-benzyl ether (V). 

To obtain analytically pure benzyl ether (III), a 
small amount of the above material was purified by 
chromatography on a silicic acid column as described 
for the corresponding stearoyl compound (II). The 
D-a-trityl-B-oleoylglyceryl-a’-benzyl ether was recov- 
ered in an approximate yield of 50%; nj! 1.5405; 
[a]?> —9.5 in 10% (w/v) dry and ethanol-free chlo- 
roform. Mp —65.5° in chloroform. 

Analysis. For C4;H¢oO4 (689), Calculated, C 81.93, 

H. 8.78, Iodine no. 36.8; Found, C 81.69, H 8.72, 

Iodine no. 37.5 and 36.5. 


p-a-Stearoylglyceryl-a’-Benzyl Ether (IV). Into a 
dry 1 liter three-necked flask with ground joints, 
equipped with an oil-sealed, mechanically driven 
stirrer and a calcium chloride tube, was placed a solu- 
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‘ion of 65.0 g of p-a-trityl-B-stearoylglyceryl-a’-benzyl 
ether (II) in 600 ml of anhydrous petroleum ether 
(b.p. 35°-60°). The flask was immersed in an ice bath 
and was connected with a hydrogen chloride gas gen- 
erator. Through the cold solution was passed, with 
stirring, a rapid stream of dry hydrogen chloride gas 
‘or 80 minutes. At the end of this period the cold bath 
was removed, and the reaction mixture was kept at 
room temperature for 1 hour. The precipitate (trityl 
chloride) was removed by filtration with suction, the 
filtrate was transferred to a 2 liter separatory funnel 
with the aid of three 100 ml portions of petroleum 
ether, and the combined solutions were washed suc- 
cessively with 600 ml of cold water, three 600 ml 
portions of an ice-cold 5% solution of potassium car- 
bonate, and finally with three 600 ml portions of water. 
The solution was dried with 200 g of anhydrous sodium 
sulfate, filtered, and the filtrate was concentrated 
under reduced pressure. The residue consisting of pD- 
a-stearoylglyceryl-a’-benzyl ether, triphenylearbinol, 
and a by-product, presumably a cyclic ester of L-a- 
glyceryl benzyl ether, was extracted thoroughly with 
three 300 ml portions of petroleum ether. The com- 
bined extracts were kept at 20° for 15 hours. The 
extract was filtered, the filtrate was concentrated under 
reduced pressure, and the residue was freed of solvent 
by keeping it in a vacuum of 0.01 mm Hg until its 
weight was constant. The remaining material, weighing 
42.0 g, was dissolved in 400 ml of benzene, and the 
solution was passed through a column of 700 ¢ of 
silicic acid, approximately 60 em long and 6 em wide, 
and the column was washed with benzene until the 
efluent was free of solute (cyclic ester followed by 
triphenylearbinol). Approximately 1.5 liters of benzene 
were required. Through the column then were passed 
2 liters of a mixture of benzene and ether 3/1(v/v). 
The first 500 ml of the effluent was free of solute. 
The rest, containing the p-a-stearoylglyceryl-a’-benzy] 
ether, was evaporated under reduced pressure, and the 
residue was kept in a vacuum of 0.01 mm Hg at a 
bath temperature of 35° to 40° until its weight was 
constant. The p-a-stearoylglyceryl-a’-benzyl ether 
(IV) weighed from 21 to 22 g (50% to 52% of theory 
based on p-a-trityl--stearoylglyceryl-a’-benzyl ether) 
with a m.p. of 42°-43°. Crystallization from low boil- 
ing petroleum ether gave a product that melted from 
43° to 44°, [a]? +2.0° in 10% (w/v) chloroform. 
Mp +9.0° in chloroform. 


Analysis. For CosHys04 (448.7), Calculated, C 
74.95, H 10.78; Found, C 75.03, H 10.80. 
p-a-Oleoylglyceryl-a’-Benzyl Ether (V). The de- 
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tritylation of p-a-trityl-B-oleoylglyceryl-a’-benzyl 
ether (III), and the separation of the reaction products 
were carried out as described for the corresponding 
stearoyl compound (II). The pure p-a-oleoylglyceryl- 
a’-benzyl ether, a viscous oil, was obtained in yields 
from 50% to 52% of theory based on b-a-trityl-B- 
oleoylglyceryl-a’-benzy] ether. n?? 1.4935. [a]7? +2.0° 
in 10% (w/v) chloroform. Mp +9.0° in chloroform. 
Analysis. For CegH4g04 (446.6), Calculated, C 
75.29, H 10.38, Iodine no. 56.8; Found, C 75.23, 
H 10.29, lodine no. 57.0. 
p-a-Stearoyl-B-Oleoylglyceryl-a’-Benzyl Ether (VI). 
To a solution of 22.4 g (0.05 mole) of p-a-stearoylglyc- 
eryl-a’-benzyl ether (IV) and 8.0 g (0.1 mole) of an- 
hydrous pyridine in 160 ml of dry benzene was added 
in one portion 15.0 g (0.05 mole) of freshly prepared 
oleoy! chloride (27), and the mixture was kept under 
anhydrous conditions at 40° for 20 hours. At the end 
of this period it was brought to room temperature, 
diluted with 600 ml of ether, and the solution washed 
in succession with three 500 ml portions of ice-cold 
2 N sulfuric acid, 500 ml of distilled water, two 500 ml 
portions of a saturated sodium bicarbonate solution, 
and finally with two 500 ml portions of water. The 
solution was dried with 150 g of anhydrous sodium 
sulfate, the solvents were removed by distillation under 
reduced pressure, and the residue was kept in a vac- 
uum of 0.1 mm Hg at a bath temperature of 35° to 40° 
until its weight was constant. The p-a-stearoyl-B- 
oleoylglyceryl-a’-benzyl ether (VI), a colorless oil, 
weighed 33.8 g (95% of theory), nj? 1.4775, d¥° 0.9234, 
[a}3? +6.0° in 10% (w/v) chloroform; [a]?! +7.25° 
in substance. MZ! +42.7° in chloroform, M7! +-51.7° 
in substance. 
Analysis. For CygHgoO; (713.1). Caleulated, C 
77.47, H 11.30, Iodine no. 35.6; Found, C 77.56, 
H 11.05, Iodine no. 36.0. 


If the optical activity of the material should be 
unsatisfactory, it can be improved by passing its ben- 
zene solution through a column of silicie acid (20 g of 
silicic acid per 1 g of substance), and recovering the 
material by washing the column with benzene. The 
impurities are present in the first part of the eluate. 

D-a-Oleoyl-B-Stearoylglyceryl-a’-Benzyl Ether 
(VII). The acylation of p-a-oleoylglyceryl-a’-benzy! 
ether (22.4 g, 0.05 mole) with stearoyl chloride (15.0 
g, 0.05 mole) and pyridine (8.0 g. 0.1 mole), and the 
purification of the pD-a-oleoyl-8-stearoylglyceryl-a’- 
benzyl ether (VII) if necessary, were carried out as 
described for the structural isomer (VI). The p-a-ole- 
oyl-8-stearoylglyceryl-a’-benzyl ether, a colorless oil, 
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was obtained in a yield of 92.0% (32.7 g). nj} 1.4780, 
d2° 0.9234, [a]; +6.0° in 10% (w/v) chloroform; 
[a]*> +7.3° in substance. Mp +42.8° in chloroform, 
My +52.0° in substance. 

Analysis. For CygHgoO5 (713.1). Calculated, C 

77.47, H 11.30, Iodine no. 35.6; Found, C 77.70, 

H 11.21, Iodine no. 34.8. 

p-a-Stearoyl-B-9,10-Dibromostearoylglyceryl - a’ - 
Benzyl Ether (VIII). In a 500 ml three-necked flask 
equipped with an oil-sealed stirrer, caletum chloride 
tube and dropping funnel, was placed a solution of 
23.5 g (0.33 mole) of p-a-stearoyl-B-oleoylglycery|l-a’- 
benzyl ether (VI) in 300 ml of petroleum ether (b.p. 
35°-60°). The flask was immersed in a bath of salt and 
crushed ice at —16°, and a solution of 5.6 g (0.035 
mole) of bromine in 50 ml of petroleum ether was 
added with stirring over a period of 30 minutes, main- 
taining the bath temperature at —16°. The reaction 
mixture then was washed immediately with two 300 
ml portions of a 0.5 N solution of sodium thiosulfate, 
two 300 ml portions of a saturated solution of sodium 
bicarbonate, followed by two 300 ml portions of water. 
The petroleum ether solution was dried with 150 g of 
anhydrous sodium sulfate, and the solvent was dis- 
tilled off under reduced pressure. The residual oil was 
kept in a vacuum of 0.02 mm Hg until its weight was 
constant. The  p-a-stearoyl-8-9,10-dibromostearoy]- 
glyceryl-a’-benzy! ether (VIII), a viscous oil at room 
temperature, weighed 27.0 g (93.7% of theory). nj? 
1.4950, [e]?# +5.0° in 10% (w/v) chloroform. Mp 
+43.6° in chloroform. 

Analysis. For CygHso0O;Br2 (872.9). Calculated, 

Br 18.31; Found, Br 18.35. 

D-a-9,10- Dibromostearoyl - 8 -Stearoylglyceryl-a’ - 
Benzyl Ether (1X). Compound IX was prepared from 
p-a-oleoy!l-B-stearoylglyceryl-a’-benzyl ether (VII) as 
described above for the structural isomer (VIII). It 
was obtained in a yield of 95% of theory, nj? 1.4950; 
[a]?* +5.1° in 10% (w/v) chloroform. Mp +44.5° 
in chloroform. 

Analysis. For CygHsop0;Bre (872.9). Calculated, 

Br 18.31; Found, Br 18.28, 18.93. 

p-a-Stearoyl-B-9,10-Dibromostearoylglycerol (X).A 
solution of 25.0 g (0.028 mole) of p-a-stearoyl-B-9,10- 
dibromostearoylglyceryl-a’-benzyl ether (VIII) in 250 
ml of glacial acetic acid, together with 4.0 g of pal- 
ladium black, was shaken vigorously in an atmosphere 
of pure hydrogen at room temperature and a pressure 
of approximately 45 cm of water until the absorption of 
hydrogen ceased. The hydrogenolysis was complete at 
the end of 1 hour with the uptake of 1.0 mole of hy- 
drogen. The hydrogen was replaced with nitrogen, the 
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reaction mixture was centrifuged, the catalyst was 
washed with small amounts of ether, and the combined 
solutions were freed of solvents by distillation under 
reduced pressure from a bath at 35° to 40°. The residue 
was dissolved in 500 ml of ether, and the ether solution 
was washed successively with two 500 ml portions of 
a saturated sodium bicarbonate solution and three 500 
ml portions of water. The ether solution was dried with 
100 g of anhydrous sodium sulfate, and was concen- 
trated under reduced pressure. The residue was kept 
for several hours in a vacuum of 0.02 mm Hg at a bath 
temperature of 35° to 40°. The b-a-stearoyl-B-9,10- 
dibromostearoylglycerol (X) weighed 21.0 g (93.7% 
of theory). If this material in a 10% (w/v) solution 
of chloroform has a specific rotation of less than 
2.0°, it can be purified by passing its benzene solu- 
tion through a column of silicic acid, washing the 
column with benzene until the effluent was free of 
solute, recovering the pD-a-stearoyl-B-9,10-dibromo- 
stearoylglycerol (X) by eluting the column with a 
mixture of benzene and ether 3/1(v/v), and removing 
the solvent by distillation under reduced pressure. 
[a]** —2.0° in 10% (w/v) chloroform. Mp —15.6° in 
chloroform; nj} 1.4834. 

Analysis. For C39H740;Br2 (782.8). 

Br 20.4; Found, Br 23.3. 


p-a-9,10-Dibromostearoyl-B-Stearoylglycerol 


Calculated, 


(XI). 
This compound was prepared by catalytic hydro- 
genolysis of p-a-9,10-dibromostearoy|l-B-stearoylglyc- 
eryl-a’-benzyl ether (IX), as described above for the 
structural isomer (X). Yield, 90% of theory, n?, 
1.4834, [a] 7° —2.0° in 10% (w/v) chloroform. 
Analysis. For Cs9H74O0;Bre (782.8). Calculated, 
Br 20.4; Found, Br 21.4. 
p-a-Stearoyl-B-Oleoylglycerol (XII). To a vigor- 
ously stirred solution of 19.5 g (0.025 mole) of pD-a- 
stearoyl-8-9,10-dibromostearoylglycerol (X) in 400 
ml of ether in a wide-necked flask, was added, over a 
period of 5 minutes, freshly prepared “activated zine” 
that had been obtained from 100 g of zine dust, as 
described by Baer and Buchnea (16). After the zinc 
had been added, the stirring was continued until the 
vigorous reaction subsided (approximately 20 min- 
utes). The reaction mixture was filtered with suction, 
using a filter coated with Kieselguhr. The filtrate was 
washed with distilled water until the wash-water was 
free from bromine ions, and was dried with anhydrous 
sodium sulfate. The solvent was removed by distilla- 
tion under reduced pressure from a bath at 35° to 40°. 
The residue, weighing 16.6 g, was dissolved in 200 ml 
of benzene, the solution was passed through a silicic 
acid column 60 em long and 6 cm wide containing ap- 
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proximately 400 g of silicie acid, and the column was 
washed with benzene until the effluent was free from 
solute. The diglyceride was recovered by passing 
through the column a mixture of benzene and ether 
3/1(v/v), concentrating the eluate under reduced pres- 
sure, and keeping the residue in a vacuum of 0.02 mm 
Hg at a bath temperature of 35° to 40° until its weight 
was constant. The p-a-stearoyl-B-oleoylglycerol (XII), 
a waxy solid at room temperature, weighed 14.0 g 
(89.8% of theory), [a]7? —2.8° in 10% (w/v) chloro- 
form. Mp —17.4° in chloroform. The mixed diglyceride 
was stored under anhydrous conditions at —10°. 

Analysis. For Cg9H740; (623). Calculated, C 75.18, 

H 11.97, Iodine no. 40.7; Found, C 75.08, H 12.01, 

Iodine no. 40.5. 


p-a-Oleoyl-B-Stearoylglycerol (XIII). This com- 
pound, a white paste at room temperature, was pre- 
pared from p-a-9,10-dibromostearoy]-B-stearoylglyc- 
erol (XI) as described above for p-stearoyl-B-oleoyl- 
glycerol. Yield, 85.5% of theory, [a]?* —2.8° in 
10% (w/v) chloroform. Mp —17.4° in chloroform. 
Analysis. For C39H740; (623). Caleulated, C 75.18, 
H 11.97, Iodine no. 40.8; Found, C 75.21, H 11.95, 
Todine no. 40.5. 


p-a,B-Distearin (XIV). The reduction of 1.0 g of 
either p-a-stearoyl-B-oleoylglycerol (XII) or p-a- 
oleoyl-B-stearoylglycerol (XIII) in 20 ml of glacial 
acetic acid with pure hydrogen at a positive pressure 
of 50 em of water in the presence of 0.2 g of palladium 
black, and two recrystallizations of the reduction prod- 
ucts (0.97 g) from ether gave in excellent yields p-a,B- 
distearin, m.p.’s 74°-75°, [a]?4 —2.7° in 10% (w/v) 
chloroform. Authentic D-a,8-distearin (13) m.p. 74.5°- 
75.0°, [a]p —2.7°. 

At room temperature, compounds II to XIII are 
soluble in acetone, chloroform, ether, or benzene. Com- 
pounds II to IX are soluble also in petroleum ether 
(b.p. 35°-60°). Compounds X to XIII are sparingly 
soluble in petroleum ether, acetic acid, methanol, or 
ethanol, whereas compounds II to IX are insoluble in 
methanol or ethanol. All compounds are insoluble in 
water. 
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SUMMARY 


It has been found that the methyl esters of some naturally occurring fatty acids or their 
autoxidation products are altered during gas-liquid chromatography. Conjugated trienoates 
undergo cis-trans isomerization. The esters of vicinally unsaturated hydroxy derivatives, with 
either ethylenic or acetylenic bonds, are dehydrated. Acetylation of the hydroxy group provides 
little or no protection against such changes. Unsaturated hydroperoxides, which are primary 
products of autoxidation, are similarly altered to more highly unsaturated derivatives. Conju- 
gated dienoates and hydroxy esters which are not vicinally unsaturated are stable under the 
same conditions. It is considered that these changes are caused primarily in the flash heater 
because of high temperature but that metal catalysis, by components of the flash heater, 
promotes alterations involving dehydration and deacetylation. 


iti of long-chain fatty materials by 
gas-liquid chromatography (GLC) requires high tem- 
peratures, and thermal alteration of some components 
may be expected. Stoffel et al. (1) have shown that the 
common methylene-interrupted polyunsaturated esters 
may be safely analyzed by GLC. Since these esters, 
and those of the saturated and monounsaturated acids, 
are the only known esters derived from most animal 
lipid fractions, GLC presumably may be applied to 
fresh ester samples from these sources without fear of 
ambiguous results. 

Many vegetable oils, however, contain acids with 
conjugated unsaturation, acetylenic bonds, or func- 
tional groups containing oxygen. Until it is shown that 
these components are unaffected, or until the products 
of their alteration are known, GLC cannot be used 
indiscriminately for the analysis of vegetable oils of 
unknown composition. This paper describes alterations 
during GLC of the esters of several acids which occur 
naturally and in autoxidized oils. 


MATERIALS AND METHODS 


and 
trans,trans-conjugated linoleates were prepared in this 


Methyl a- and f-elaeostearates and cis,trans- 


* Supported in part by grants from the Hormel Foundation 
and the National Institutes of Health (H-3559). 

+ Permanent address: Department of Physical Chemistry, 
Abo Akademi, Abo, Finland. Fulbright scholar, 1958-60. 
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Institute. Ultraviolet and infrared spectral studies in- 
dicated that the trienoates were essentially pure 
isomers but that the dienoates were each contaminated 
with some of the other isomer. 

Methyl! oleate hydroperoxides and methyl! linoleate 
hydroperoxides and their hydroxyl analogues, formed 
by stannous chloride reduction, were supplied by O. S. 
Privett of this Institute and were more than 95% 
pure. 

Methyl 9-hydroxy-trans,trans-10,12-octadecadieno- 
ate (methyl dimorphecolate) derived from Dimorpho- 
theca aurantiaca seed oil, which contains about 60% 
of the acid (2), was isolated by thin-layer silicic acid 
chromatography according to the method of Malins 
and Mangold (3). 

The hydroxy ester fraction (4) of Onguekoa Gore 
(Boleka) seed oil was obtained by countercurrent par- 
tition between hexane and 80% methanol (5). The 
purity of all oxygenated esters was checked by thin- 
layer chromatography and, where necessary, purifi- 
cation was effected by column chromatography on 
silica gel. 

Acetylation of reduced oleate hydroperoxides and 
methyl dimorphecolate was accomplished by heating 
with a mixture of acetic anhydride-pyridine 1/3(v/v). 
The completeness of the reaction was checked by thin- 
layer chromatography (6). 

Gas-liquid chromatographic studies were carried out 
with three separate columns. Two of these were copper 
columns, each having a separate brass flash heater. 
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The third was a glass column, the top 7 cm of which 
was packed with uncoated Celite®, and separately 
heated. This portion is subsequently referred to as the 
flash heater. The column conditions were: 


(a) A180 em X 3.5 mm I.D. copper column having 
as its stationary phase 15% of LAC 2-R446! poly- 
ester resin coated on acid- and alkali-washed Celite®, 
80 to 100 mesh. The column was held at 196°, and 
the flash heater and the B-ionization detector at 250°. 
Argon at 25 psi flowed at a rate of 54 ml per minute 
(S.T.P.). The detector (Research Specialties) was 
operated at 800 volts. Under these conditions methyl] 
palmitate had a retention time of 5.8 minutes. 

(b) A 60 cm X 3.5 mm I.D. copper tube packed 
with 20% Apiezon M? on acid- and alkali-washed 
Celite®, 80 to 100 mesh. The column was held at 
204° and the flash heater and detector at 240°. 
Argon, as carrier gas, flowed at 54 ml per minute 
(S.T.P.) at a head pressure of 9 psi. Under these 
conditions methyl palmitate had a retention time of 
7.8 minutes, 

(c) A 90 em & 6 mm FD. glass tube packed with 
acid- and alkali-washed Celite® (SO to 100 mesh) 
coated with 15% LAC 2-R446 polyester. The poly- 
ester used for this column was first purified from 
acetone solution by the method of Craig and Murty 
(7) and was thus not identical to that used in the 
copper column. The column was maintained at 190° 
and the £-ionization detector (Barber-Coleman 
Model 10) at 240°. The flash heater was held at tem- 
peratures of 300°, 250°, 225°, and 200°. Argon, under 
a head pressure of 24 psi, flowed at 40 ml per min- 
ute (S.T.P.). Under these conditions methyl palmi- 
tate had a retention time of 2.1 minutes. The brass 
detector was connected to the column by a length of 
Teflon® tube so that the detector could be bypassed 
in the collection of effluent fractions. 


The acid- and alkali-washed Celite® support was 
coated by making a slurry with an acetone or hexane 
solution of the stationary phase and removing the 
solvent under vacuum in a rotary evaporator. Columns 
were conditioned at 200° for 3 to 5 days before use 
and thereafter no evidence of bleeding of stationary 
phase was obtained. The life of the columns was found 
to be at least two to three months. Samples were gen- 
erally injected, through a silicone rubber cap, as 1 to 
10 A amounts of 1% to 2% solutions in acetone or 


*This material may be obtained from Cambridge Industries 
Company, Cambridge, Mass. 

? Registered: Metropolitan-Vickers Electrical Co., Ltd., Eng- 
land. 


methanol. Fractions were collected after GLC by pass- 
ing the effluent gas through a short Teflon® tube into 
methanol or hexane maintained at —70°. After collec- 
tion of each fraction, the tube was removed and rinsed 
with the same solvent. 

Ultraviolet spectra were measured with a Beckman 
DK2 Recording Spectrophotometer in conventional 
1 em fused silica cells. Infrared analyses on a micro- 
scale were obtained by P. R. Edmondson and H. Dins- 
more of the Department of Medicine of this university, 
with a Perkin-Elmer 12C Spectrophotometer with 
Model 81 microscope and a Reeder thermocouple. 

The initial study of all the esters described was 
carried out on the polyester-packed copper column 
and a few of the findings were checked on the Apiezon- 
packed copper column. Since it has been suggested that 
metal columns are likely to cause changes in lipid 
esters during GLC, whereas glass columns are unlikely 
to do so, five key compounds were closely examined on 
the polyester-packed glass column. 


RESULTS 


The results obtained on the three gas-liquid chroma- 
tographie columns used are summarized in Table 1, 
where they appear in the same order as described in 
the text. The carbon-number system proposed by 
Bottcher et al. (8) has been used to present gas- 
chromatographic data, rather than absolute or relative 
retention times and volumes which give a less clear 
over-all picture. 

Conjugated Dienoates and Trienoates. Although the 
samples of cis,trans and trans,trans dienoates used 
were each contaminated with the other, giving two 
peaks, collecting and rechromatographing the separate 
components resulted in single peaks from all columns. 
Under the various conditions used, therefore, thermal 
cis-trans isomerization of these conjugated dienoates 
did not take place (Table 1). This conclusion is sup- 
ported by the work of Beerthuis et al. (9), who sepa- 
rated the esters of the conjugated products of alkali 
isomerization of linoleic acid, presumably on a glass 
column, and obtained a far higher proportion of the 
cis,trans isomers than would have resulted if signifi- 
cant isomerization during GLC had occurred. 

With conjugated trienoates, however, isomerization 
did occur. On the metal columns, a- and B-elacostearate 
gave identical patterns, a composite first peak (carbon 
number 22.3), due to mixed cis- and trans-conjugated 
trienoates, and a sharp second peak (carbon number 
22.7), due to the all trans isomer (Table 1). The chro- 
matograms were identical to that illustrated in Figure 
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1. Reinjection of the single-peak components showed 
that each isomer gave the same twin peak pattern. 
Since this pattern was obtained from both a- and 
B-elaeostearates, it must represent the equilibrium of 
thermal isomerization. Moreover, the shape of the 
peaks and the symmetry of the peak due to the all 
trans component in particular indicate that this equi- 
librium was attained in the flash heater immediately 
after injection, and before the components entered the 
column. If the equilibrium were attained gradually 
during passage through the column, the all trans peak, 
for example, would have an asymmetrical leading edge. 
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On the glass column, cis-trans isomerization of con- 
jugated trienoates occurred also, but to a lesser extent. 
Equilibrium was not attained, as it was with the metal 
columns. As the temperature of the flash heater was 
reduced, the proportion of isomerized product to 
original material was reduced. The curves obtained 
with B-elaeostearate are shown in Figure 2. 
stearate gave a similar small proportion of the p- 
isomer under the same conditions, with chromatograms 
the inverse of those shown in Figure 2. The latter part 
of the B-elaeostearate peak (uncontaminated by a- 
isomer) was collected directly from the column exit 


a-Elaeo- 


TABLE 1. Carson NUMBERS AND ULTRAVIOLET SPECTRAL DATA OF FRACTIONS OBTAINED BY 
Gas-Liourip CHROMATOGRAPHY OF SOME Hyproxy AND CONJUGATED PoLYENoIC ESTERS 











Methy! Ester Injected 


cis,trans-conj. dienoate I 
trans,trans-conj. dienoate II 
cis,trans,trans-con]. trienoate (z-elaeostearate) III 
IV 
trans,trans,trans-conj. trienoate (8-elaeostearate) III 
IV 
12-hydroxyoctadecanoate 
12-hydroxyoctadec-9-enoate | 
12-hydroxyoctadec-9-ynoate 
Reduced oleate hydroperoxides I 
II 
Reduced linoleate hydroperoxides | III 
IV 
Dimorphecolate (9-hydroxy octadec-10,12-dienoate) III 
IV 
2-hydroxyoctadecanoate 
Boleka nonhydroxy esters bolekic 
isanic 
Boleka hydroxy esters V 
VI 
Acetylated dimorphecolate III 
IV 
Acetylated reduced oleate hydroperoxides I 
II 
Oleate hydroperoxides I 
II 
Linoleate hydroperoxides III 
IV 


Products | 


Carbon Number 


~~ | Wave Length of Principal 


LAC 2-R446 Apiezon M Maxima* in Product 
| Copper Glass Copper 
muy. 
19.7 19.8 18.2 233(1) 
20.5 20.5 18.7 | 231(1) 
22.3 22.1 19.4 | 269(3) 
22.7 22.5 19.7 | 267(3) 
22.3 22.1 194 | 269(3) 
22.7 22.5 19.7 | 267(3) 
24.2 24.1 | 
24.6 24.4 | 
25.0 24.8 | 
19.7 19.8 18.2 932(1) 
20.5 20.5 18.7 | 230(1) 
22.3 22.1 19.4 | 270(3) 
22.7 22.5 19.7 268(3) 
22.3 22.1 270(3) 
22.7 22.5 | | 267(3) 
22.1 22.0 
24.1 | 267(5) 
24.9 226(5) 
23.7 267(7) 
24.5 267 (5) 
22.3 22.1 
22.7 92.5 + 
19.7 19.8 | | 
20.5 20.5 t 
19.7 19.8 | 233(1) 
20.5 20.5 231(1) 
22.3 22.1 269(3) 
22.7 22.5 268(3) 





I = cis,trans-conjugated diene esters; II = trans,trans-conjugated diene esters; III = mixed cis,trans-conjugated triene esters: 
IV = trans,trans,trans-conjugated triene esters; V = probably octadec-7,13-diene-9,11-diynoate; VI = probably octadec-7,17-diene- 


9,11-diynoate. 
* Number of maxima indicated in parentheses. 
t Also peak at 24.0 (see text). 
t Also peaks at 22.9 and 23.4 (see text). 
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Fic. 1. Gas-liquid chromatograms of pure methyl dimorpheco- 
late (9-hydroxyoctadec-trans,trans-10,12-dienoate) on 180 cm 
copper column of LAC 2-R446 at 196°, plus methy!] palmitate 
dotted in as a reference. Inserts show ultraviolet and infrared 
spectra (10, 11) of the original ester and fractions A and B 
collected after GLC. 


to avoid the influence of the metal of the detector; 
when rerun, the chromatogram was identical to that 
from which the collection had been made. Thus isome- 
rization must have taken place in the glass system. 
The shapes of the curves (Fig. 2), and the fact that 
some isomerization occurs even when the flash heater 
(at 200°) is almost the same temperature as the col- 
umn (190°), indicate that much of the isomerization 
is effected in the column. This is in contrast to the 
results obtained with the copper columns and possible 
reasons for this difference are discussed below. 
According to Beerthuis et al. (9), GLC may be used 
to study the products of alkaline isomerization reac- 
tions. From our results, this is true only for reactions 
producing conjugated dienes, and not when conjugated 
trienes are formed. The gas-liquid chromatograms of 
these conjugated trienoates, and of all compounds 
mentioned hereafter which give rise to conjugated 
trienoates, show a peak with a carbon number of 20.0 
on the polyester-packed copper column, or 19.8 on the 
glass column (see Figs. 1, 2, and 5). This peak trails 
into those due to conjugated trienoates, indicating 
continuous production along the length of the column 
in addition to the initial amount produced in the flash 
heater. Unless the probable occurrence of this peak 
in certain samples is recognized, there is a possibility 
of confusing it with methyl arachidate or methyl 
linolenate (carbon number 19.5). The structure of the 
component giving rise to this peak is unknown and not 
enough of it could be collected to obtain ultraviolet 
or infrared spectral characteristics. However, it seems 
possible that it may be a cyclic product similar to that 
formed on heat treatment of a-elaeostearate (12). 
Hydroxy Compounds. Saturated hydroxy esters can 
be subjected to GLC without any alteration in struc- 


ture. 12-Hydroxy stearate emerged with a carbon 
number of 24.2 from the polyester-packed copper col- 
umn, and 24.1 from the glass column. Methy] ricinole- 
ate and ricinstearolate, their ethylenic and acetylenic 
bonds in the £-position to the hydroxy-substituted 
carbon, are similarly stable to GLC under the various 
conditions used. These esters emerge from the poly- 
ester-packed copper column with carbon numbers 24.6 
and 25.0, respectively, and from the glass column with 
carbon numbers of 24.4 and 24.8, respectively. This 
stability is lost, however, when the hydroxyl carbon is 
adjacent to the center of unsaturation. 

Reduced methyl oleate hydroperoxides (a mixture 
of octadec-trans-8-hydroxy-9-enoate, -9-hydroxy-10- 
enoate, -10-hydroxy-8-enoate, and -11-hydroxy-9-eno- 
ate) were completely dehydrated during GLC on both 
the polyester- and Apiezon-packed metal columns to 
give cis,trans and trans,trans conjugated dienoates 
(Fig. 3). These were formed in approximately equal 
proportions, showing that dehydration results equally 
in cis and trans double bonds. The carbon number and 
the ultraviolet spectrum of each component were iden- 
tical to those of the corresponding standard dienoate. 





300° 
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Fig. 2. Portions of gas-liquid chromatograms of pure ethyl §- 
elaeostearate on 90 cm glass column of LAC 2-R446 at 190°. 
Each curve was obtained with the flash heater at the tempera- 
ture noted. 
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Fic. 3. Gas-liquid chromatography of reduced methyl oleate 
hydroperoxides on 180 cm copper column of LAC 2-R446 at 
196°, plus methyl palmitate dotted in as a reference. Insert 
stows the ultraviolet spectra (10) of the original sample and 
fractions A and B collected after GLC. 


On the glass column, dehydration of reduced oleate 
hydroperoxides was also complete at all flash heater 
temperatures. At a flash heater temperature of 300°, 
the two conjugated dienoate peaks were well separated 
and showed little tailing, suggesting that dehydration 
occurred almost exclusively in the flash heater (ef. 
Figs. 3 and 4). As the flash heater temperature was re- 
duced, more and more of the dehydration occurred 
along the column giving patterns shown in Figure 4. 

It should be noted that the reduced oleate hydro- 
peroxide mixture may give rise to seven dehydration 
products, namely, cis,trans and trans,trans isomers of 
octadee-7,9-dienoate; the cis,trans, trans,trans, and 
trans,cis isomers of octadec-8,10-dienoate; and the 
trans,cis and trans,trans isomers of octadece-9,11-di- 
enoate. Only the gross separation of cis,trans from 
trans,trans isomers was effected, the peaks representing 
mixtures of four components and three components, 
respectively. This is true also with the reduced linoleate 
hydroperoxides (vide infra), from which eight dehy- 
dration products may be formed. 

teduced methy! linoleate hydroperoxides (a mixture 
of cis,trans- and trans,trans-9-hydroxy-10,12- and 13- 
hydroxy-9,11-octadecadienoates), and methyl dimor- 
phecolate (the trans,trans isomer of the former), are 
completely dehydrated during GLC on both polyester 
and Apiezon-packed copper columns to yield conju- 
gated trienoates (Fig. 1). These chromatograms are 
almost identical to those of conjugated trienoates, hav- 
ing a composite first peak and a sharp second peak and 
the same carbon numbers (Table 1). 
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The U.V. curves of the constituents giving rise to 
these peaks (Fig. 1) correspond to cis,trans,trans and 
trans,trans,trans trienes, respectively, each contami- 
nated with a small amount of the other because of 
overlapping. Infrared spectra of the separated frac- 
tions verify their cis,trans,trans and trans,trans,trans 
configurations (Fig. 1). 

On the glass column, with the flash heater at 300°, 
methy! dimorphecolate (9-hydroxyoctadec-trans,trans- 
10,12-dienoate) was completely dehydrated to con- 
jugated trienoates (Fig. 5). The chromatogram dif- 
fered from that obtained with the copper column in 
that the first trienoate peak was not composite (cf. 
Figs. 1 and 5). This difference reflects the greater 
amount of subsequent isomerization obtained with the 
metal column, since apparently the initial products of 
dehydration emerged from the glass column. The two 
peaks have approximately equal areas, indicating that 
dehydration again results equally in cis- and trans- 
double bonds. As the flash heater temperature of the 
glass column was reduced, dehydration was still com- 
plete but was again obviously effected more and more 
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Fic. 4. Gas-liquid chromatograms of reduced methyl oleate 
hydroperoxides on 90 cm glass column of LAC 2-R446 at 190°. 
Each curve was obtained with the flash heater at the tempera- 
ture noted. 
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Fie. 5. Gas-liquid chromatograms of pure methyl dimorphe- 
colate (9-hydroxyoctadec-trans,trans-10,12-dienoate) on 90 cm 
glass column of LAC 2-R446 at 190°. Each curve was obtained 
with the flash heater at the temperature noted. 


during passage through the column rather than in the 
flash heater. This is obvious from a comparison of the 
curves illustrated in Figure 5. 

By analogy with the unsaturated hydroxy deriva- 
tives, it seemed likely that a carboxyl group adjacent 
to a hydroxyl substituted carbon might provide suffi- 
cient activation for dehydration to occur under our 
experimental conditions. However, although methyl 2- 
hydroxy stearate emerged after a far shorter retention 
time than other hydroxy stearates (Table 1), the mate- 
rial collected from the effluent had the same adsorption 
characteristics on a thin-layer chromatogram as the 
original hydroxy ester. The retention time of 2-hydroxy 
stearate is about half that of other hydroxy stearates 
and this difference may be accounted for by strong 
hydrogen bonding between the hydroxyl group and 
the adjacent ester carbonyl group. The fact that this 
strong intramolecular hydrogen bonding is present in 
solution is shown by the near infrared spectrum of a 
dilute solution of methyl] 2-hydroxy stearate in carbon 
tetrachloride. A strong sharp band occurs at 2.820 p, 
due to intramolecularly associated hydroxyl, but 6- or 
12-hydroxy stearate have only a sharp unassociated 
hydroxyl] band at 2.755 p. The greater speed of migra- 
tion on a thin-layer chromatogram of the 2-hydroxy 
stearate compared to the 6- or 12-hydroxy stearate is 
also indicative of strong internal association of the 
2-hydroxy group. The use of GLC retention volume 
data as evidence for intramolecular hydrogen bonding 
has recently been described (13), and the above re- 
sults constitute another example of the use of GLC in 
studies of this phenomenon. 

Boleka oil, besides containing a high proportion of 
conjugated diyne (isanic) and conjugated enediyne 
(bolekic) acids, contains hydroxy derivatives of these 


acids with the hydroxyl group adjacent to acetylenic 
linkages (4). Although GLC of the mixed esters shows 
several minor unidentified components, the peaks due 
to bolekic and isanie acids have been identified by 
ultraviolet spectra. GLC of the hydroxy ester fraction 
on the polyester-packed copper column gave two main 
peaks having smaller carbon numbers than the bolekie 
and isanie esters, respectively. Since these peaks were 
missing from the curve for the nonhydroxy ester frac- 
tion, and since they emerged before rather than after 
the bolekic and isanie esters, they have almost cer- 
tainly resulted from the two hydroxy components by 
dehydration, and represent a conjugated enediynene 
and a conjugated enediyne, respectively. Spectral evi- 
dence agrees with this supposition in the case of the 
hydroxy isanie acid, which, upon dehydration, gives 
rise to the same chromophore (an enediyne) as exists 
in bolekic acid. Lack of an enediynene standard pre- 
vented confirmation in the other instance. Emergence 
of the products of dehydration before their parent less- 
unsaturated esters may be due to conjugation of a 
double bond with an acetylenic system which lowers 
the melting and boiling points of the system (e.g., 17- 
octadecene-9,11-diynoic acid, m.p. 40°; 13-octadecene- 
9,11-diynoic acid, m.p. 17°). Although these esters 
were not studied on the glass column and many fea- 
tures of the GLC of the esters from boleka oil have 
still to be explained, it seems that the conjugated 
hydroxy acetylenic systems are dehydrated in the same 
yay as are the conjugated ethylenic hydroxy deriva- 
tives. 


Beerthuis and coworkers (9) have published gas- 
liquid chromatograms of the methyl esters of Vimenia 
caffra seed oil obtained presumably on a glass column. 
This oil contains many acids which are not common 
constituents of seed oils, namely, homologous series of 
saturated and monoethenoid acids up to a chain length 
of twenty-eight carbons. The oil also contains ximeny- 
nic acid (octadec-trans-11-ene-9-ynoic acid) as a 
major component (about 25%) and the 8-hydroxy- 
derivative of this acid (8% to 4%). From retention 
volume considerations, the second of the two major 
peaks in their chromatograms, appearing near the re- 
tention volume of a Cy ester, must be that of methyl 
ximenynate. The small unidentified peak between the 
Coo and Css esters is probably due to methyl octadec- 
7,11-diene-9-ynoate derived by dehydration during 
GLC from the hydroxyximenynate. The hydroxy 
ester, as such, would be expected to emerge from the 
eolumn much later, and their chromatograms show 
no evidence of an unusual component after Co. 


Acetoxy Compounds. It was of interest to determine 
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whether conversion of hydroxy esters to acetoxy de- 
rivatives would prevent their alteration during GLC. 
Esters of dimorphecolic and reduced hydroperoxy- 
oleic acids were acetylated and examined by GLC. On 
the copper column these vicinally unsaturated acetoxy 
esters were completely deacetylated to conjugated tri- 
enoates and dienoates, respectively, in the same way as 
their parent hydroxy esters were dehydrated. 

On the glass column, acetylated methy! dimorphe- 
colate  (trans,trans-9-acetoxyoctadec-10,12-dienoate) 
gave conjugated trienoate patterns, at the various 
flash heater temperatures, almost identical to those 
illustrated in Figure 5. However, the all trans trienoate 
peak trailed just above the base line to a peak with 
carbon number 24.0, after which true base line was 
again attained. This peak amounted to about 10% of 
the total, and its proportion increased slightly as the 
flash heater temperature was lowered. The component 
giving rise to this peak was collected and when rein- 
jected gave the same pattern. Thin-layer chromatogra- 
phy identified it as the original acetoxy ester. 

The less strongly activated monounsaturated acet- 
oxy esters derived from the reduced oleate hydro- 
peroxides were more stable. Conjugated diene patterns 
similar to those shown in Figure 4 were obtained at the 
various flash heater temperatures, but these trailed 
obviously into two peaks with carbon numbers 22.9 
and 23.4, which together amounted to about 60% of 
the sample. These peaks collected together were rein- 
jected to give similar chromatograms and thin-layer 
chromatography again demonstrated their identity to 
the original sample components. On the glass columns 
all chromatograms of acetoxy esters demonstrated a 
small peak immediately after the solvent peak, at the 
retention volume of acetic acid. 

Acetylation has been shown, therefore, to be no 
certain protection for unidentified hydroxy derivatives 
which are to be examined by GLC. 

Hydroperoxy Compounds. In view of the results re- 
ported above, it seemed likely that hydroperoxides, 
formed during autoxidation of fats and present to some 
extent in all except completely fresh oil samples, would 
be altered during GLC to conjugated unsaturated 
esters. This was found to be true. Methyl oleate 
hydroperoxides and methy! linoleate hydroperoxides 
were completely altered on both metal and glass col- 
umns to conjugated dienoates and conjugated trieno- 
ates, respectively, in a manner analogous to that of 
their corresponding hydroxy derivatives. 

Cause and Location of Alterations. It is believed 
that all the alterations which occurred during GLC 
on the metal columns were effected not on the column 
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but in the flash heater. If alteration took place on the 
column, the resulting peaks would be long and drawn 
out, as demonstrated with the glass column (Figs. 2, 4, 
and 5). The peaks obtained from the metal columns, 
however, were sharp and symmetrical. In addition, 
the same results were obtained with polar and nonpolar 
packings, suggesting that these took no part in the 
reaction. If these reactions were accomplished within 
the flash heater, either a thermal mechanism or a 
catalysis by the metal of the flash heater at high tem- 
peratures may be operative. Copper, especially as its 
oxide, has recognized catalytic activity for many re- 
actions, and for this reason its use in GLC columns for 
lipid work has been avoided by some investigators. 

To determine whether these alterations were caused 
by thermal or catalytic effects, and to test the possi- 
bility that the column packing might have some effect, 
experiments were performed with a simple all-glass 
flash heater. This was not connected to any GLC 
column, but consisted only of an electrically heated 
glass tube, packed with glass wool, and with an injec- 
tion gasket of silicone rubber. The tube was heated to 
250° with argon gas flowing through it. The sample 
was injected as a methanol solution, the tube was 
allowed to cool, the product was rinsed out with meth- 
anol, and its ultraviolet spectrum recorded. Methyl! di- 
morphecolate and reduced linoleate hydroperoxides 
(the easiest samples to monitor) were completely de- 
hydrated to conjugated trienoates, as evidenced by 
the replacement of their conjugated diene bands at 231 
mp by conjugated triene bands having maxima at 268 
my. Lowering of the tube temperature resulted in pro- 
gressively less dehydration, and at 170° very little 
dehydration occurred. Similar results were obtained 
for acetylated methyl dimorphecolate. Conjugated 
trienes, however, underwent little cis-trans isomeriza- 
tion on passage through this all-glass flash heater, as 
evidenced by ultraviolet spectra. These experiments 
demonstrated that a high temperature alone is suffi- 
cient to cause alteration of vicinally unsaturated hy- 
droxy derivatives but that the extent of cis-trans 
isomerization of trienes is rather small under the same 
conditions. These results confirmed those already de- 
scribed, which were obtained with the polyester- 
packed glass column. Dehydration, deacetylation, etc., 
may therefore be accomplished purely by thermal 
effects. However, the results gained by metal columns 
suggested that metal catalysis, by components of the 
flash heater, might have some effect on cis-trans 
isomerization. 

To test this possibility, the uncoated Celite® packing 
was removed from the flash heater of the polyester- 
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packed glass column and replaced with copper dust 
and glass wool impregnated with copper oxide. The 
column, after this modification, had the same reten- 
tion characteristics as before. The five key esters (B- 
elaeostearate, free and acetylated dimorphecolate, and 
free and acetylated reduced oleate peroxides) were 
restudied in this column at flash heater temperatures 
of 250° and 200°, and column and detector tempera- 
tures the same as before. The dehydration of di- 
morphecolate and reduced oleate peroxides under these 
conditions was definitely catalyzed by the presence 
of the copper and copper oxide. The curves obtained 
when the flash heater temperature was 250° were 
almost identical with those obtained before at 300° 
(Figs. 4 and 5). Those obtained with a flash heater 
temperature of 200° were intermediate between the 
previous curves at 250° and 300°, and showed incom- 
plete dehydration in the flash heater, the small residue 
of unchanged material then being dehydrated on the 
column. 

The catalytic effect of the mixture of copper and 
copper oxide was even more pronounced with the 
acetoxy derivatives. The curves of acetylated methyl] 
dimorphecolate on this column at flash heater tempera- 
ture of 250° and 200° were almost identical to those 
obtained in the absence of metal at 300° and 250°, 
respectively. The acetylated, reduced oleate peroxide 
curves showed an even greater difference. At 250° 
flash heater temperature, in the presence of copper and 
copper oxide, about 80% of this sample was deacety- 
lated in the flash heater. Most of the remainder was 
deacetylated in the column, leaving only 5% of the 
component with carbon number 23.4 unchanged. At 
200°, more deacetylation occurred on the column and 
the proportions of sample deacetylated in the flash 
heater and emerging unchanged were about 60% and 
10%, respectively. These results are very different 
from those obtained in the absence of catalyst. 

The results of these experiments demonstrate that 
dehydration and deacetylation of vicinally unsaturated 
hydroxy or acetoxy esters may be caused by thermal 
effects alone but are also catalyzed by the copper and 
copper oxide mixture. This explains almost completely 
the differences in the results obtained with vicinally 
unsaturated oxy-derivatives on copper columns and 
on the metal-free glass column. 

The greatest difference, however, between copper 
columns and the all-glass column was shown with 
the conjugated trienoates. The equilibrium attained 
from either a- or B-elaeostearate with the copper col- 
umn (ef. Fig. 1) was not even approached with the 
glass column (Fig. 2). This suggests that metal cataly- 


sis played a major role in cis-trans isomerization of 
trienoates. However, when B-elaeostearate was studied 
on the glass column, the curves obtained with or with- 
out copper and copper oxide in the flash heater were 
identical (Fig. 2). There was neither an increase in 
the proportion of a-elaeostearate formed, nor any indi- 
vation that more of this had been formed in the flash 
heater rather than on the column. Thus, contrary to 
dehydration, etc., cis-trans isomerization of conjugated 
trienoates was not at all catalyzed by copper-copper 
oxide and is therefore purely a thermal reaction. The 
different results obtained with conjugated trienoates 
on the copper columns and on the glass column may 
follow from the much higher heat capacity and more 
efficient heat transfer of the brass flash heaters. This 
is probably also the reason why a small proportion 
of the acetylated samples emerged unchanged from 
the glass column even when the metal catalysts were 
included in the flash heater, whereas complete deacet- 
ylation resulted in the brass flash heater used with 
the copper column. 


DISCUSSION 


Some structures apparently change during GLC. 
Unsaturated compounds with more than two ethylenic 
bonds in conjugation show some cis-trans isomeriza- 
tion. Esters with a hydroxyl-substituted carbon ad- 
jacent to unsaturation, either ethylenic or acetylenic, 
decompose even if the hydroxy group is acetylated. 
Primary autoxidation products similarly change to 
more unsaturated compounds. This is somewhat anal- 
ogous to the formation of conjugated ethylenic unsatu- 
ration observed in the bleaching of oxidized oils (14) 
and to the formation of conjugated trienes during 
alkaline isomerization of oils containing oxidized lino- 
leate (15). Partial cis-trans isomerization of conju- 
gated trienoates on a glass column with simultaneous 
formation of the earlier, possibly cyclized, component 
described above have been noted by Miwa*, who also 
observed partial dehydration of methyl dimorpheco- 
late. On a similar column, Frankel* obtained complete 
dehydration of methyl dimorphecolate to conjugated 
trienoates. The differences in the results of these work- 
ers may be due to differing efficiencies of their flash 
heaters. 

The compounds described above probably do not 


*T. K. Miwa, Northern Regional Laboratory, Peoria, IIl., 
personal communication. 

“E. N. Frankel, Northern Regional Laboratory, Peoria, IIL, 
personal communication. 








420 


constitute a full list of esters of natural lipid com- 
ponents which may be expected to alter during GLC. 
We have noted also that the method of James and 
Martin (16) for identification of saturated components 
in a mixture by forming polybromides of the unsatu- 
rated components does not work when LAC 2-R446 
polyester packing is used. In this case, the bromides 
are not held back by the column but apparently are 
altered by the stationary phase to a variety of com- 
pounds giving a very long, low band between Cis and 
Co,. This method has also been found not to work if 
the column or flash heater is of copper, even if the 
stationary phase is hydrocarbon.° 

The use of copper or brass equipment for GLC of 
lipid components is condemned by some authorities on 
the assumption that the metal will catalyze alterations 
of some components. However, we have found that 
copper will not catalyze any alteration which would 
not otherwise have occurred to some extent due to 
thermal effects common to all columns. No experi- 
mental data to prove otherwise have been published 
as yet. On the other hand, a copper column fitted to 
an efficient brass flash heater unit gives complete 
alteration of all the compounds studied by us. The 
chromatograms obtained are at least reproducible, the 
number of products obtained is minimized, and smear- 
ing due to slow reaction on the column is avoided. For 
these reasons we suggest that this type of column is in 
many cases preferable to a glass column. The patterns 
due to alteration of certain components should be 
anticipated or recognized when they occur; then this 
phenomenon can be used to demonstrate the presence 
of specifie groupings in naturally occurring acids (17). 


®N. Tuna, Medical School, University of Minnesota, Minne- 
apolis 14, Minn., personal communication. 
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SUMMARY 
The results of a study on the chemical nature of the natural lipids and phospholipids in 
bovine and human erythrocytes and blood plasma are presented. The fatty acid distribution 
in the various lipids is reported and certain aspects of the general findings are discussed. 


) et al. (1, 2) reported the separation of 
human and bovine erythrocyte phospholipids by paper 
and column chromatography. In these studies a de- 
cided difference was noted in the lipid pattern in the 
two species, but only limited information was offered 
on the chemical nature of the individual lipid com- 
ponents. Phillips has described the fractionation of hu- 
man serum phospholipids (3), and the isolation and 
assay of plasma lipoproteins (4). Hirsch and Ahrens 
(5) have described the chromatographic fractionation 
of the entire lipid fraction of human plasma. In the 
course of a study of the possible role of phospholipids 
in cation transport, Kirschner (6), through the use of 
pyridine, fractionated the phospholipids of swine ery- 
throcytes into four major components, but no detailed 
chemical analyses were reported. 

Although the above observations have been of con- 
siderable value, it appears worthwhile to acquire addi- 
tional knowledge on the chemical nature of the blood 
lipids. Accordingly, this paper presents information on 
the fractionation and characteristics of the lipids found 
in the erythrocytes and plasma of man and cow. 


EXPERIMENTAL 


Materials. All solvents were reagent grade. Chloro- 
form contained 0.75% ethanol as a preservative. In in- 
stances of apparent decomposition, this solvent was 


* This investigation was supported by a grant from the Life 
Insurance Medical Research Fund. 

The following abbreviations are used: C, chloroform; M, 
methanol; DNP, dinitrophenyl-; H, hexane; B, benzene; and 
FB, diethyl ether. 
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washed with water and alkali, and distilled over ba- 
rium oxide. When necessary, diethyl ether (anhydrous, 
Merck) was distilled over sodium for removal of 
peroxides; otherwise it was used as received. Commer- 
cial hexane, obtained from Phillips Petroleum Company 
(Bartlesville, Oklahoma), was redistilled from potas- 
sium permanganate (dissolved in a small amount of 
acetone) and the fraction distilling at 67.5° to 69.5° was 
collected. Silicie acid (Mallinckrodt) reagent grade, 
100 mesh for chromatographic analysis, was dried for 
12 hours at 110° before use. This latter point is par- 
ticularly important in the chromatography of the neu- 
tral lipids, in which “anhydrous” conditions are neces- 
sary for the best separations. The Hyflo Super-Cel was 
obtained from Johns Mansville. The long-chain fatty 
acids, for chromatography standards and used in some 
of the synthetic procedures, were obtained from the 
California Foundation for Biochemical Research (Los 
Angeles, California), the Hormel Foundation (Austin, 
Minnesota), and Applied Science Laboratories (State 
College, Pennsylvania). Triolein from the California 
Foundation for Biochemical Research showed a fatty 
acid ester to glycerol (molar) ratio of 2.97, and re- 
vealed only oleic acid by gas-liquid chromatography. 
Both cholesterol palmitate and cholesterol oleate 
were synthesized (7), and purified by silicic-acid chro- 
matography and recrystallization from chloroform- 
acetone. Snake venom (Crotalus adamanteus) was ob- 
tained from the Ross Allen Reptile Institute (Silver 
Springs, Florida). 

Methods. Many of the analytical procedures, e.g., 
P, N, choline, have been described previously (8, 9, 
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10). Glycerol was identified and determined by a paper 
chromatographic technique (11), a method utilizing 
periodate oxidation followed by formaldehyde assay 
(11), and, in certain instances, by isolation as the tri- 
benzoate (12). However, it should be noted that the 
hydrolytic cleavage of glycerol-containing lipids should 
be effected in 1 to 2 N KOH in ethanol, or in 1 to 2 N 
aqueous HC]. Glycerol is labile in 4 to 6 N HCl and 
may be lost upon concentration in acid solutions at 
atmospheric pressure or in vacuo. The colorimetric as- 
say for fatty acid ester was that of Goddu et al. (13), 
as modified by Lands (14). Total cholesterol was esti- 
mated by a colorimetric procedure (15). Plasmalogens 
(vinyl ethers) were determined essentially by a meth- 
anolic iodine procedure as outlined by Siggia and Eds- 
berg (16), and Rapport and Franz] (17). In order to 
extend this assay system to levels of 0.1 to 1.0 pmoles, 
a spectrophotometric procedure, which employed the 
spectral absorption peak of iodine in methanol at 360 
my, was used.) Although another absorption peak at 
292 mp could have been employed, ordinary glass tubes 
transmit more light at the higher wave length and in- 
terference from impurities is less. In the estimation of 
the iodine number of lipid fractions, the Yasuda pro- 
cedure (18, 19) was applied to all sterol fractions, and 
the Wijs technique to all other lipid fractions. 

The hydrolytic release of fatty acids from glycerides 
and glycerol-containing phospholipids was accom- 
plished by reflux of the lipids in 0.5 N aleoholic KOH 
for 4 to 6 hours, followed by removal of alcohol in 
vacuo, acidification of the aqueous mixture, and ex- 
traction with diethyl! ether. In the case of the sphingo- 
sine-containing fractions, the fatty acids were ob- 
tained as methyl] esters through reflux in methanolic- 
sulfuric acid as described by Brady and Koval (20), 
or as the free acids by reflux in 6 N HCl for 8 to 10 
hours. The position of the fatty acids on lecithins was 
determined through the action of the phospholipase 
A in Crotalus adamanteus venom (21), which effects 
hydrolytic cleavage of the B ester (C-2) fatty acid 
(22). 

Ash and cation analyses were performed by Laucks 
Testing Laboratories (Seattle, Washington). Infrared 
spectra were obtained with a Perkin-Elmer Model 21 
instrument (NaCl optics), with samples in CHCl; 
solution or as Nujol mulls. All optical rotation values 
were obtained with a Rudolph polarimeter. 

The fatty acids were analyzed by gas-liquid chro- 
matography of their methyl esters. These esters were 
prepared by interesterification in anhydrous methan- 


‘Dr. J. N. A. Ridyard, unpublished observations. 
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olic HCl or by treatment of the free acids with dia- 
zomethane (23). The two procedures gave comparable 
distribution patterns for the fatty acids. The esters, in 
hexane, were chromatographed on a 4-foot column of 
15% succinate-ethylene glycol polymer (prepared in 
this laboratory by Dr. J. N. A. Ridyard) on Celite® 
(Johns Mansville, 80 to 100 mesh) using a Pye Argon 
Chromatograph (Cambridge, England). At 175°, with 
an Argon flow rate of 30 ml per minute, stearic acid 
and oleic acid methyl esters were separated in 10 min- 
utes (separation factor, 1.2). At the 10 times setting 
(assumed to be approximately 1 < 10-* amperes) and 
at 1000 volts, the detector was linear in response over 
a tenfold range to moles of individual long-chain fatty 
acid esters. This range was from 3.3 « 10° to 3.3 x 
107 moles (1 to 10 pg) of long-chain fatty acid esters. 

Carbohydrates were detected by the Molisch or an- 
throne reaction. Free amino acids in the intact lipid 
samples were determined by chromatography on What- 
man No. 1 paper with C-M 4/1 (v/v) water (0.5%), 
and subsequent spraying with ninhydrin (24). The 
paper chromatographic technique of Westley et al. 
(25) was employed to check for the presence of non- 
lipid peptides. The detection of certain lipids and con- 
taminating nonlipid material was accomplished by 
chromatography on silicate-impregnated glass fiber 
filter paper in a pyridine-benzene-water system (26)°. 

Isolation of Lipids. The bovine blood samples were 
collected in 0.2% sodium citrate and 2% glucose at 
pH 7.4 to 7.5. The human blood was collected in 
0.264% sodium citrate, 0.090% citrie acid, and 0.294% 
dextrose. Normally, the samples were processed within 
2 hours after collection.? No attempt was made to se- 
lect the age and sex of the donor, but obviously lipemic 
blood was not used in these experiments.* 


*The authors are indebted to Dr. J. G. Hamilton for details 
of this technique prior to publication. 

*In a few instances the human blood samples were stored for 
24 hours at 4°. On rare occasions it was necessary to store the 
erythrocytes in the frozen state overnight. Upon thawing at 35°, 
extensive hemolysis was evident and only one-tenth the vol- 
ume of water was added and the procedure continued as de- 
scribed. No apparent difference in behavior of lipids isolated 
from these samples, as compared to the immediately processed 
material, was noted. 

‘In two instances human blood collected in heparin was 
studied. The results of fractionation showed considerable altera- 
tions of the phospholipid fraction of the erythrocyte. This was 
especially evident with the more acidic type of phospholipid, 
ie., phosphatidylethanolamine, which tended to form lyso de- 
rivatives. Consequently, blood collected in heparin was not 
considered a reliable source for “native” phospholipids from 
the erythrocyte and was not used in any of the experiments 
described here. 
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The whole blood was centrifuged at 700 * g and 4° 
in 600 ml plastic cups for 20 minutes. The supernatant 
fluid plus buffy coat was removed by gentle aspiration 
and the cells brought back to the original volume of 
blood with 0.9% NaCl, pH 7.4 to 7.5. After careful 
stirring this mixture was recentrifuged as above. One 
additional saline wash was employed and the volume 
of the packed cells was measured. The washings and 
plasma® were combined and recentrifuged at 700 *& g 
for 20 minutes at 4° to remove any residual red cells 
and buffy coat. It would appear unlikely that a signifi- 
cant number of platelets was present in the isolated 
erythrocyte fraction. However, since platelets are 
present in the isolated plasma, the results of Rouser 
et al. (27, 28) and of Marcus and Spaet (29) would 
suggest that the major portion of the plasma phospha- 
tidylethanolamine (and phosphatidylserine) must 
have been derived from this source. 

Lipids were isolated from both plasma and red cell 
hemolysate by the same techniques. To the packed 
cells one-fourth volume of distilled water was added 
with stirring and the mixture was allowed to stand for 
10 minutes at 25°. The hemolysate (or plasma) was 
then poured slowly with constant stirring into three 
times its volume of 95% ethanol and allowed to stand 
in the dark at room temperature. After 2 hours a vol- 
ume of diethyl ether equal to that of the hemolysate 
was added and the mixture stirred again. One hour 
later the mixture was filtered through Eaton and Dike- 
man No. 615 filter paper. The moist filter cake was 
resuspended in an amount of 95% ethanol:diethyl 
ether 3/1(v/v) sufficient to cover the residue, and al- 
lowed to stand in the dark at room temperature for 
2 to 3 hours. After filtration the combined filtrates 
were concentrated at 35° to 37° in a cyclone evapora- 
tor until less than 2% of the original solvent remained. 
This concentrate was then extracted twice with twice 
its volume of diethyl ether, and the ether-soluble ex- 
tract was washed at least three times with one-tenth 
volume of water. If two phases failed to form, a small 
amount of ethanol was used to break the emulsion. 
With successive water washes a considerable amount 
of dark red pigment (but no fatty acid ester) was re- 


5 To date, 10 to 12 units of human blood and nearly 200 liters 
(in 10- or 20-liter batches) of bovine blood have been processed. 
The results indicate a good reproducibility of extraction and 
fractionation. In certain instances blood from humans with a 
previous history of jaundice or malaria was used, but no ap- 
parent differences from “normal” were observed. 


moved from the lipid extract, and the final extract 
usually had a light straw color. In actual practice it 
was found that this washing was at least as effective in 
the removal of free amino acids, nonlipid sugar, min- 
eral ions (such as NaCl), and traces of urea, as the 
procedure of Folch et al. (30). The final ether extract 
was evaporated to dryness at 30° to 35° in a rotary 
evaporator. The residue was dissolved in chloroform 
and stored at 4°. Usually this chloroform fraction was 
analyzed immediately for plasmalogens, unsaturation, 
and total phosphorus. Because of the pronounced solu- 
bility of certain of the phospholipids in acetone at 
temperatures as low as —25°, a fractionation of the 
simple lipids and phospholipids by solvent treatment 
alone was not feasible. 


Chromatographic Procedures. In part, these tech- 
niques have been described previously (31, 10). A 
quantitative separation of neutral lipids and phospho- 
lipids in blood was achieved by the technique of Borg- 
strom (32). The total lipid fraction was placed on a 
silicic-acid column in chloroform and eluted with this 
solvent until no more neutral lipid was removed. Sub- 
sequently the phospholipids were eluted with 10 col- 
umn-volumes of methanol or C-M 1/9(v/v). In most 
instances the flow rate was 2.5 to 3.5 ml per minute, 
but a faster and equally suitable separation can be 
effected by the inclusion of 1 part Hyflo Super Cel per 
2 parts silicic acid in the column. Such columns were 
also used for the fractionation of phospholipids. The 
load was 15 to 20 mg neutral lipid and 0.3 to 0.5 mg 
phospholipid phosphorus per g of silicic acid, with a 
height-to-diameter ratio of 7 to 10. The same consid- 
erations apply to the separation of neutral lipids, 
which were separated essentially as described by Bar- 
ron and Hanahan (31). It is important that certain of 
the solvents, particularly the benzene, be dried over 
silicie acid prior to use. Hexane is preferred to pentane 
or low boiling petroleum ether to avoid bubbling of the 
column. Fractionation was checked by cholesterol and 
colorimetric fatty acid ester assays and by infrared 
spectrophotometry according to Freeman et al. (33). 
The latter was particularly valuable in the determina- 
tion of cholesterol esters and glycerides with an ab- 
sorption band at 5.78 yp, especially since the colori- 
metric test for cholesterol esters presented some 
difficulties (34). Triolein, cholesterol palmitate, and 
cholesterol oleate all showed absorbancies proportional 
to concentration at this wave length. The unesterified 
cholesterol fraction, as well as any components eluted 
later, was examined in the infrared for the presence of 
fatty acid esters. 
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RESULTS 


Erythrocyte Lipids.® The total lipids were separated 
into neutral lipids and phospholipids by silicic-acid 
chromatography, and each fraction was weighed, as 
well as assayed, by infrared examination and _ phos- 
phorus determination. The recoveries ranged from 
96% to 98% and in three typical samples gave the 
following neutral lipid-to-phospholipid ratios (wt/wt): 
Human, 0.57 to 0.67; Cow, 0.50 to 0.58. A separation 
of the “stroma” by centrifugation at pH 5.0 at 3000 x 
g for 30 minutes, and isolation of its lipids showed 
that 90% to 92% of the total lipid of the intact cell 
resided therein, and subsequent fractionation showed 
the same distribution of lipids as found in the intact 
cell. A rather similar distribution pattern was noted 
by Ponder (35). 

The fractionation of the neutral lipids of the human 
erythrocytes is illustrated in Figure 1. An almost iden- 
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Fic. 1. A typical chromatographic separation of neutral lipids 
of human erythrocytes. In this instance, 290 mg total neutral 
lipids were chromatographed on a 20 g silicic-acid column 
(height to diameter = 7.5), flow rate, 1.8 ml/minute. Volume 
of eluate in each tube was 4.3 ml. 


tical separation pattern was obtained with the neutral 
lipids of bovine erythrocytes. The fatty acid composi- 
tion of typical fractions obtained from these two 
sources is given in Table 1. In both species unesterified 
cholesterol was the major component (80%). 

In cow erythrocytes the entire weight of the fraction 
eluted with hexane-benzene 85/15(v/v) represented 

° The results described here and the data given in the various 
tables represent the average (or composite) values of at least 
six different samples of blood. In general, deviations in com- 
position between samples were no greater than +10% of the 
values reported here. 

* J. Dodge, unpublished observation. 
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cholesterol esters, but in human cells only one-half of 
the total weight was cholesterol ester. The “contami- 
nant,” which did not contain any long-chain fatty 
acid, may be a hydrocarbon. No further information 
on this fraction is available. 

In both species the main fatty acid ester compo- 
nents were the long-chain esters of cholesterol, which 
represented 4% of the total neutral lipids. In part, this 
was ascertained by a 12-hour reflux with 2 N alcoholic 
KOH and subsequent isolation of cholesterol in 90% 
to 95% yields and of long-chain acid in 95% yields; 
cholesterol to fatty acid ratios (molar)* ranged from 
0.98 to 1.05. It is of interest that these fatty acid esters 
were considerably more unsaturated than the trigly- 
cerides (see below) and showed the typical fatty acid 
pattern described in Table 1. The sterol, which was 
isolated from hydrolysis of the intact ester, had the 
same properties as the free cholesterol in the H-E 
85:15 fraction and was considered to be identical. 

An examination of the hexane-diethyl ether 95/5 
(v/v) fraction from the two sources revealed it to con- 
tain triglycerides and accounted for nearly 10% of the 
total neutral lipid, a conclusion justified by fatty acid 
ester assay and by the infrared spectrum (36). Long- 
chain fatty acids were present in 95% to 97% of 
theoretical yield; no evidence was obtained for the 
presence of any long-chain alkyl glyceryl ethers. Less 
than 0.5% of this fraction was composed of free fatty 
acids. While the iodine number of the triglycerides var- 
ied from 5 to 35, over 80% of the preparations had 
values in the 5-to-10 range, and there is no doubt that 
this component was consistently much more saturated 
than the cholesterol esters. This is supported by data 
on the composition of the fatty acids from a typical 
run (Table 1). 

In each species the only substance detected in the 
hexane-diethyl ether 85/15(v/v) fraction was free 
cholesterol; 90% of this material was recovered from 
methanol recrystallization and showed the following 
characteristies: m.p. 151°-152° (uncorrected; melting 
point block) ; [a|?>-40.0° (6% in C-M 1:1). Authen- 
tie cholesterol melted at 151°-152° (uncorrected; melt- 
ing point block) [a]? -39.0° (6% in C-M 1:1). A 
mixture of the unknown and pure cholesterol showed 
no alteration in melting point. The infrared spectra 
and X-ray diffraction patterns of the unknown and 
authentic cholesterol showed them to be identical. 

Diethyl ether was used to remove any remaining 
nonphosphorus-containing fatty acid esters from the 


7 


column. In each source approximately 2% of the total 


* All subsequent composition ratios will be given as molar 
ratios. 
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pe Cholesterol esters 17 4 6 22 51 
[? Triglycerides 22 6 ; | 4 41 17 10 t 
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he Se ene ; : eau RR te islets 
4 Numbers following the colons refer to the degree of unsaturation considered to be present in a particular fraction, i.e., 18:1 would 
id be comparable to a monoenoic acid such as oleic acid, 18:2, a dienoic acid, such as linoleic acid, and so on. 
Sg + Trace. 
of 
he 
SS 
pam neutral lipid of the erythrocytes was found in this containing substance, (A), similar in properties to a 
is eluate. Although the amounts available were very “nolyglycerylphospholipid” (37), a slower moving ma- 
sail limited, infrared spectra, fatty acid ester assays by the jor component, (B), and a minor, trailing fraction 
ik hydroxamie acid reaction and by infrared, and total (B’). Fraction A was present to the extent of 0.5% to 
wil weight determination indicated a mixture of di- and 1% of the phosphorus applied and was not examined 
a monoglycerides. No further analyses were made on in detail. Fraction B represented nearly 28% of the 
ai this fraction. total phospholipids, and possessed the characteristics 
The phospholipids of the erythrocytes were fraction- of a diacyl glycerylphosphorylethanolamine (Table 2). 
™ ated by elution from a single column of silicic acid Fraction B contained 98% of ethanolamine and less 
i“. into at least five components. It was evident that the than 2% of a serine-containing phospholipid (38). 
“s major difference in distribution of phospholipids of the | Ethanolamine and serine were also identified by paper 
ng two species occurred in the choline-containing types. chromatography and, in one instance, ethanolamine 
ng In the bovine erythrocyte, sphingomyelin was the pre- was isolated in 60% yields from an acid hydrolysate, 
sits dominant form and accounted for nearly 95% of the as a DNP-derivative (m.p., 90°-91°; authentic DNP- 
It- choline-containing compounds; however, in the human ethanolamine, m.p., 90°-91°). Inasmuch as the optical 
A source, lecithin was the main form. Nonetheless, it is _ rotation value, [a/? *6.2°, of the B fraction was simi- 
ud interesting to note that the total choline-containing — lar to that of a synthetic phosphatidylethanolamine 
we, phospholipids in both sources comprised 55% to 60% — of known configuration (39), it appears to be of the 
aii of the total phospholipids. L-a-type. An infrared spectrum of this fraction gave 
The fractionation of bovine erythrocyte phospholip- the anticipated absorption peaks and in particular 
ng ids is illustrated by the curve presented in Figure 2. showed the absence of an absorption band at 10.35 y.° 
len and the data given in Table 2. Plasmalogen assay on 
tal the original, fresh sample (before application to the °Lecithin and sphingomyelin show a characteristic absorp- 
column) and on isolated fractions showed only trace tion band at 10.35 4, which is absent in compounds such as 
amounts to be present, The C-M 6:1 fraction eon- Poespbatidyethanlamine,,phomatidyerine, phosphatiy 
oat tained a fast-moving, highly pigmented phosphorus- _ other investigators (39, 40 to 43). 
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A very low content of mineral ions (<1.0% ash) was 
found. The fatty acid pattern of fraction B, shown in 
Table 2, illustrates the high content of unsaturated 
fatty acids. 


TABLE 2. ComposiTIiON OF THE PHOSPHOLIPIDS 
OF BOVINE ERYTHROCYTES * 








C-M 6:1 C-M 1:1 | : 
(B) | (C) tf | (E) 
P, per cent 3.90 3.27 | 3.8 
N, per cent 1.78 187 | 3.47 
Choline, per cent None None 14.7 
N/P, molar ratio | 100 | 12 | ~ 201 
Choline/P 
molar ratio — — | 0.99 
Iodine number 77.5 | 53.2 | 39.2 
25 | 
E D +6.2°§ | Notrun | +48.9°§ 
Inositol /P | 
molar ratio 0.0 0.23 0 
Fatty acid/P 
molar ratio 2.01 2.09 | 1.04 
Fatty acid ester/P | 
molar ratio (1.15-1.70 ||) | 1.92 | 0.01 


Fatty Acids in Mole Percentage 


Saturates 

14:0 trace None | 

16:0 4 9 

18:0 9 | 3 | 

| | 

Unsaturates See 

16:1 trace None | Table 7 

18:1 59 | 37 | 

18:2 21 13 

20 :4 6 7 





* These fractions were obtained by silicic-acid chromatography 
as described in the text and shown in Fig. 2. These data represent 
a composite of all fractionations completed to date. In general, 
the deviations in composition were +10% of the values shown; 
however, relationships within and between fractions were the 
same as illustrated here. 

+ This phospholipid fraction was the only one that had a signifi- 
cant ash content, with sodium representing 90% of the cation. 

t Small fraction, D (see Fig. 2), in the immediate forefront of 
this fraction was lecithin. For a description of its properties see 
text. 

§ 10% in C-M 10:1. 

In general, the hydroxamic acid color test for fatty acid 
esters failed to give reproducible results with this fraction. Con- 
sequently, the lipid was hydrolyzed and the fatty acids were 
isolated, weighed, and the neutral equivalent determined. An 
average molecular weight of 279 was obtained and no evidence 
for the presence of any long-chain aldehydes was found. 
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Fic. 2. The chromatographic fractionation of bovine erythro- 
cyte phospholipids on a silicic-acid column. A total of 7.7 mg 
lipid phosphorus (including the neutral as well as the phospho- 
lipids) was placed on 15 g silicic acid plus 7.7 g Hyflo Super-Cel 
(height to diameter = 10), and the neutral lipids eluted with 
chloroform. Subsequently, the phospholipids were eluted with 
the solvents as indicated in the above figure; flow rate 2.4 
ml/minute; tube volume, 3.9 ml. Between the points shown by 
the arrows the total fraction was combined and analyzed. Total 
recovery of phosphorus was 98% of that applied to the column. 


A minor component, B’, differed chromatographi- 
cally from B. Although an exhaustive examination of 
B’ was not possible, it had the following characteris- 
ties: P, 3.95; N, 1.74; N/P, 1.00; I. number, 65.4; 
fatty acid ester/P, 1.60 (by hydroxamate reaction 
only). A basic difference was noted in the degree of 
unsaturation in the fatty acids, B’ containing 20 moles 
per cent of saturates and B 11 moles per cent. 

The C-M 1:1 (C) fraction, representing 7% to 8% 
of the total phospholipids, was composed of at least 
three components. It appears to contain a serine com- 
ponent (possibly a phosphatidyl peptide), a phospha- 
tidylinositol (monophosphoinositide) , and an unknown 
substance or substances. This was suggested from the 
results of the usual analyses, paper chromatography, 
and rechromatography on silicic-acid columns. Infra- 
red examination showed a typical phosphoglyceride 
pattern, with no evidence for the presence of the usual 
sphingosine-containing compounds, and no covalent 
phosphate band at 10.35 », but evidence for an amide 
band at 6.06 to 6.10 yp. It is interesting to note the high 
content of stearic acid (Table 2) as compared to the 
other fractions. This may be due to the presence of an 
inositol phospholipid, which contains high proportions 
of this acid (9). 

Sphingomyelin comprised 95% of the incompletely 
resolved C-M 1:1 E (and D) fraction, with no more 
than 5% as lecithin. Occasionally this latter phospho- 
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lyceride was present to a much lesser extent or not 
iemonstrable, and may represent a metabolically mo- 
ile component of the cow erythrocyte. As shown in 
igure 2, the lecithin (D) was not sharply separated 
‘rom the sphingomyelin on silicie-acid columns, but 
analytical data showed that this component was in- 
deed lecithin. It was isolated, free of the other frae- 
tions, and showed the following molar ratios of fatty 
acid/P, 1.98; N/P, 1.01; choline/P, 0.95, and an infra- 
red spectrum typical of a lecithin (42). 

The isolation of sphingomyelin from bevine red cells 
in reasonably high purity and yield prompted a study 
of amore rapid preparation in bulk amounts. The total 
lipids of bovine erythrocytes in chloroform were ap- 
plied to a silicic-acid column and the neutral lipids 
eluted in the same solvent. Further elution with C-M 
1:9 developed two well-separated phospholipid peaks 
containing over 98% of the applied phosphorus. The 
first phospholipid fraction (C-M 1:9) was shown to 
contain the noncholine-containing substances, and the 
second fraction (C-M 1:9 A) contained all the choline- 
containing phospholipids.’ The C-M 1:9 A fraction 
was evaporated in vacuo at 30° and dissolved in a 
minimum amount of warm methanol, and to the clear 
solution were added 10 to 15 volumes of ethyl acetate. 
The turbid mixture was placed at 4° overnight. The 
white precipitate was filtered, washed with a small 
amount of cold ethyl acetate, and redissolved in a 
minimum amount of methanol. The above procedures 
were repeated and the final precipitate dried over 
P.O; in vacuo at room temperature for 12 to 14 hours. 
The amorphous powdery material consisted of 85% to 
90% of the initial lipid phosphorus in the C-M 1:9 
fraction and was stable to atmospheric oxidation. It 
exhibited the following characteristics: P, 3.81; N, 
3.44; choline, 14.5; N/P, 1.98; choline/P, 0.98; fatty 
acid ester (by hydroxamate reaction and by infrared 
examination), none detectable; iodine number, 38; fat- 
ty acid/P, 1.02. An infrared examination of this prepa- 
ration (2% in CHCls, 1 mm cell) showed the follow- 
ing absorption peaks: 3.04, 6.06, 6.98, 8.2, 9.2, 9.55, 
10.35, and 13.9. Methanolysis (for 24 hours) of this 
sphingomyelin preparation by the technique of Brady 
and Koval (20) yielded 95% of the fatty acids as 
methyl esters and 65% to 90% of the expected phos- 


In a private communication Dr. C. C. Sweeley has recom- 
mended the following solvent system for the rapid preparation 
of sphingomyelin (from cow erythrocytes) via silicic-acid chro- 
matography: chloroform, for removal of the neutral lipids, 
then C-M 3:1 for removal of the noncholine-containing phos- 
pholipids. Finally, elution with C-M 1:4 will remove two peaks, 
(a) a small fast-moving component, and (b) a slower moving 
component which contains the sphingomyelin (plus lecithin). 
This latter fraction can then be treated as indicated in the text. 


phorus-free “sphingosine” fraction. The methy] esters 
were analyzed by gas-liquid chromatography with re- 
sults shown in Table 7. 

Upon examination of the “sphingosine” fraction, the 
following data were obtained: N, 4.79 (theory for 
sphingosine, 4.66) ; iodine number, 88.3 (theory, 84.7). 
Paper chromatography in a pyridine system (20) 
showed only one ninhydrin reacting spot at the solvent 
front; an infrared spectrum (in CHCls) showed sig- 
nificant peaks at 2.9, 3.35, 3.40, 6.28, 6.79, 9.75, and 
10.28u. Preparation of a triacetyl derivative of the 
“sphingosine” fraction gave, in 65% yield, a product 
melting at 103°-104° with 101°-102° reported for tri- 
acetylsphingosine (44,45). In addition to sphingosine, 
there is apparently another long-chain nitrogen base 
of unknown structure present in this sphingolipid 
source.! 

The chromatographic separation of the phospholip- 
ids of human erythrocytes is shown in Figure 3, and 
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Fic. 3. The chromatographic fractionation of human erythro- 
cyte phospholipids on a silicic-acid column. A total of 35 mg 
lipid phosphorus (including the neutral lipids as well as the 
phospholipids) was placed on 70 g silicic acid plus 35 g Hyflo 
Super-Cel (height to diameter = 8) and the neutral lipids 
eluted with chloroform. Subsequently the phospholipids were 
eluted with the indicated solvents; flow rate, 2 ml/minute; tube 
volume, 8.2 ml. Between the points shown by the arrows the 
total fractions were combined and analyzed. Total recovery of 
phosphorus was 96% of that applied to the column. 


data on the chemical nature of the isolated fractions 
are recorded in Table 3. In addition to lecithin and 
sphingomyelin, phosphatidylethanolamine (C-M 6:1 
B) was found in the cell and amounted to 30% of the 
total phospholipid. As found with the bovine phospha- 
tidylethanolamine component, the human fraction con- 


"Dr. C. C. Sweeley, private communication; see also Refer- 
ence 46. 
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TABLE 3. Composition OF THE PHOSPHOLIPIDS 
oF HUMAN ERYTHROCYTES * 








C-M 5:4 
C-M 6:1 C-M 1:9 
(B) t (C) (D) () 

P, per cent 3.45 | 2.66 3.46 3.60 
N, per cent 1.48 1.62 1.57 3.20 
Choline, percent | None None 13.6 13.9 
N/P, molar ratio | 0.98 1.34 0.99 1.95 
Choline/P, 

molar ratio 0.95 0.95 
Inositol/P, 

molar ratio None 0.14 None None 
Plasmalogen/P, 

molar ratio 0.028 0.01 None None 

[ 12 

|| D Not run | Notrun | +6.1° | Not run 
Iodine number 106 66.5 64.0 39.0 
Fatty acid/P, 

molar ratio 1.95 t 1.90 2.01 1.03 
Fatty acid ester, P, | 

molar ratio (1.2-1.9)t Not run 1.98 0.01 








* These fractions were obtained by silicic-acid chromatography 
as described in the text and shown in Figure 3. 

+ Fatty acids (mole percentage) 14:0, 16:0, and 18:0—trace, 
15% and 14% respectively; 14:1, 16:1, 18:1, 18:2, and 20:4—4%, 
16°%, 19%, 9%, and 20°%, respectively. The fatty acid composi- 
tion of D and E are given in Tables 6 and 7. 

t See footnote +, Table 2. 


tained less than 2% of a serine-containing phospho- 


lipid. Among the other more minor phospholipids found 
in this source were a “polyglycerolphospholipid”-type 
compound (C-M 6:1 A) to the extent of 1%. This was 
a fatty acid-containing pigmented material with a 
low nitrogen content and fatty acid to phosphorus 1.61. 
There also was an inositol-containing fraction (C-M 
1:1 C) present to the extent of nearly 8% of the total 
phosphorus-containing compounds. This latter frac- 
tion, though quite impure, showed some interesting 
characteristics. In particular, it gave high nitrogen-to- 
phosphorus ratios of 1.35 to 1.40, and no free amino 
acids, sugars, or long-chain nitrogen bases were de- 
tected. On the basis of the inositol content and the as- 
sumption of a monophosphoinositide without nitrogen, 
the other phospholipids must contain at least two ni- 
trogen bases. An infrared spectrum of this fraction 
showed a typical fatty acid ester (phosphoglyceride) 
pattern, with no absorption at 10.35 » but with amide 
band absorption at 6.06 »p. A quantitative assay for 
serine and ethanolamine (38) and paper chromato- 
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graphy showed the presence of serine with only traces 
of ethanolamine. 

Plasma Lipids. Inasmuch as the fractionation of 
the neutral lipids proceeded reproducibly and in a 
manner similar to that described previously (31), no 
graphic description is presented. In each instance the 
identifiable lipid components eluted by the following 
solvent system were (H-B 85:15) “hydrocarbon” and 
cholesterol esters, (H-E 95:5) triglycerides plus free 
fatty acids, (H-E 85:15) free cholesterol, and (ether, 
100%) traces of partial glycerides. 

A typical separation of human plasma phospholipids 
is depicted in Figure 4 and the chemical composition 
of the individual fractions is presented in Table 4. As 
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Fic. 4. A typical chromatographic separation of the phospho- 


lipids of human plasma. In this instance 93 mg phospholipid 
phosphorus was chromatographed on 160 g silicic acid plus 
80 g Hyflo Super-Cel (height to diameter = 8); flow rate, 
3.0 ml/minute. Volume of eluate in each tube was 10 ml. 
Recovery was 97% of that applied to the column. 


is evident from these data, the major phospholipid 
component is phosphatidylcholine (lecithin) (eluted 
by C-M 5:4) with sphingomyelin as the lesser compo- 
nent (eluted by C-M 1:9). On the basis of its optical 
rotation value (and conversion by enzymatic degrada- 
tion or dilute alkali treatment to L-a-glycerylphospho- 
rylcholine), it is evident that the phosphoglyceride 
possessed the L-e-configuration. The phosphatidylcho- 
line isolated from human and bovine plasma was near- 
ly colorless and quite stable to atmospheric oxidation. 
Through the use of phospholipase (lecithinase) A of 
snake venom, these compounds were degraded and re- 


See footnote 6. 
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TABLE 4. Composition OF THE PHOSPHOLIPIDS 
OF HUMAN AND BovINE PLASMA* 














Bovine Plasma Human Plasma + 
C-M 5:4 B| C-M 1:9 |C-M 5:4 B| C-M 1:9 
P, per cent 3.74 3.79 3.96 3.21 
N, per cent 1.65 3.52 1.85 2.91 
Choline, per cent 14.2 14.1 14.9 12.4 
N/P, molar ratio 0.97 2.05 1.03 1.95 
Choline/P, 
molar ratio 0.97 0.95 0.97 0.99 
| 24 t 
E D +5.9 +7.1 +6.1 | +7.9 
Fatty acids/P, § 
molar ratio 1.97 1.04 2.00 0.98 
Fatty acid ester/P, 
molar ratio 2.03 0.01 | 2.01 0.01 











* These lipids were obtained by silicic-acid chromatography a 


described in the text and illustrated in Figure 4. 

t+ In elution with C-M 4:1 (See Fig. 4), only a small amount of 
lipid P (~0.5%) and some color was removed; subsequent elu- 
tion with C-M 5:4 removed first a highly pigmented fraction 
containing mainly an ethanolamine phospholipid (varying from 
0.5% to 5% of the total) and later a elution with C-M 5:4 B, 
which contained only lecithin. A final elution with C-M 1:9 re- 
moved the sphingomyelin fraction. A subsequent elution with 
100% methanol did not remove any additional phosphorus. The 
total recovery of phosphorus was 95° % of that applied to the 
column. 

$15% in C-M 10:1. 

§ The fatty acid composition of the lecithins (C-M 5:4 B) and 
the sphingomyelin (C-M 1:9) is given in Tables 5 and 7, re- 
spectively. 


sultant free fatty acids (from the B-ester [C-2]) and 
lysolecithins (the a’ester [C-1] fatty acids) analyzed 
for type of fatty acids as well as other characteristics. 
These results, shown in Table 5, support a specific 
positioning of the fatty acids in plasma lecithins. As 
further proof, the lecithin (from bovine plasma) was 
subjected to the action of phospholipase (lecithinase) 
D (present in Cl. perfringens toxin), which causes the 
formation of diglyceride and phosphorylcholine (47, 
48). The diglyceride was isolated in 95% yield and 
showed the following characteristics: [a]? -2.3° (6% 
in CHCl); fatty acid/glycerol, 2.03. This was con- 
sidered to be a p-a diglyceride. When this compound 
was incubated with lipase (49), primarily saturated 
fatty acids (92% saturates; 8% unsaturates) were 
liberated. This is to be expected if the saturated acids 
are located in the 1 position of the diglyceride (49, 
22). 


In both species the sphingomyelins were alike (Ta- 
ble 4). The exact position of the phosphorylcholine unit 
is not certain but it is probably located on carbon 1 
of the sphingosine chain (50, 43). Methanolysis of the 
intact compound gave the methyl esters of the fatty 
acids (ester to phosphorus, 1.03) in good yields and 
nearly 70% of a “sphingosine” fraction. Paper chro- 
matography of the latter component from both species 
in the pyridine system of Brady and Koval (20) 
showed only one fast-moving component, with no in- 
dication of any dihydrosphingomyelin. Although it has 
been reported that lysolecithin is present in plasma (3, 
51), it was not found in the samples examined here.'* 
Moreover, no evidence was obtained for the presence 
of any significant amount of plasmalogens, inositol 
lipids, or cerebrosides by direct chemical, infrared, or 
paper chromatographic assay. 


DISCUSSION 


The results presented here demonstrate that ery- 
throcytes from man and cow exhibit an almost identi- 
cal neutral-lipid-to-phospholipid ratio. Although not 
in exact agreement with the recent results of James et 
al, (52), there is no doubt that of the neutral lipids of 
the human erythrocyte, free cholesterol is the major 
substance present. The phospholipids, on the other 
hand, showed more substantial differences. While the 
noncholine-containing phospholipids were reasonably 
similar in chemical characteristics and amounts, the 
choline-containing phospholipids of the two species 
were significantly different. In a recent article, Rowe 
(53) presented evidence on the biosynthesis of phos- 
pholipids in human red cells. However, as limited data 
were presented on the chemical nature of the fractions 
obtained in his chromatographic separation, no com- 
parison can be made with the information presented 
here. 

The plasma of both species had a comparable dis- 
tribution of lipids and in amounts similar in part to 
those found by other investigators (3, 5, 41, 51). Al- 
though Marinetti et al. (51) and Phillips (3) have re- 
ported the presence of lysolecithin in human serum, 
this compound was not detected in several different 
batches of human and bovine plasma examined here. 
In a similar manner, Nelson and Freeman (41, 54) 
have not found lysolecithin in human serum. Perhaps 


* Evidently lysolecithin can be lost in the washing procedure 
described here. In two plasma samples (results not reported 
here), approximately 2% of the total phospholipid phosphorus 
of the plasma was found in the water washes as a lysolecithin- 
like compound. However, none of the other phospholipid phos- 
phorus was present as a lysolecithin. 
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technical differences in the isolation of the lipids or 
possible solvent activated enzymatic degradation could 
explain these differences.'* 

Although the location of the fatty acids on the leci- 
thins presented a rather distinct positional effect, the 


TABLE 5. CHemMiIcAL NATURE AND LOCATION OF Fatty AcIDS 
oF HUMAN AND BOVINE PLASMA LECITHINS 





| Relative Dis- 
tribution in 
Mole Per Cent 
Fraction = 


Specific Distribution 
in Mole Per Cent 





Sat- |Unsat-| Saturates | Unsaturates 
urates |urates| 16:0 18:0 | 16:1 18:1 18:2 20:4 





Human Plasma 


| 
Lecithin, | | 
intact | 47 | 53 | 32 15 | 3 13 22 15 
Lysolecithin* | 93 hie. wets 1 8 
Fatty acids, ¢ | 
liberated | 1 | 98 1 1 1 20 50 28 


Bovine Plasma 


| 
Lecithin, 
intact 46 | 54 | 21 25 | 2 @ 9 7 
Lysolecithin*| 94 | 6 | 43 51 | 4 2 
Fatty acids, f | | 
liberated | 2 | 98 


1 1130 36 20 12 
| 





* The lysolecithins possessed the following characteristics: 
Human, P, 5.65; N/P, 1.00; fatty acid ester/P, 1.02; iodine 
number, 10; [aj,> — 2.78° (9% in C-M 10:1); Cow, P, 5.70; 
choline P, 1.00; fatty acid/P, 1.01; iodine number, 7.0; [a]}* 
—2.72° (10% in C-M 10:1). 

¢ The liberated fatty acids had the following characteristics: 
Human, neutral equivalent, 282.6; iodine number, 202; P, none 
detectable. Cow, neutral equivalent, 279.0; iodine number, 176; 
P, none detectable. 


results with the phosphatidylethanolamine fractions 
were quite different. Surprisingly, this erythrocyte 
fraction contained a very high amount of unsaturated 
fatty acids. It is important to note that Rouser et al. 
(27, 28) have reported a decidedly high content of un- 
saturated fatty acids in the phosphatidylethanolamine 
fraction of platelets. Unfortunately, it was not possible 
to initiate phospholipase A action on phosphatidyleth- 
anolamine fraction in an effective manner; hence, no 
positioning results could be obtained. On the basis of 
the results on fatty acid distribution, it would ap- 
pear unlikely that phosphatidylethanolamine would 


See footnote 13. 
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have a metabolic relation with phosphatidylcholine, 
but further study must be conducted to ascertain the 
true significance of these observations. 

While the inositol-containing fraction (C; Figs. 2 
and 3) of the erythrocytes was obviously not homo- 
geneous, it did contain a high content of stearic acid 
(Table 2). A similar high content of stearic acid was 
noted in the phosphatidylinositol fraction of liver, and 
metabolic studies showed this fraction to have a high 
specificity for this saturated fatty acid (9). Finally, 
the sphingosine-containing fraction presented a dis- 
tinct fatty acid pattern. On the basis of the data pre- 
sented in Table 7, there is no doubt that this phospho- 
lipid contained a large amount of saturated fatty acids. 
While in general these results were expected, the large 
amount of palmitic acid was rather surprising. At pres- 
ent there is no adequate explanation for the specificity 
of the sphingolipids for saturated fatty acids. 

The neutral lipid components showed an interesting 
pattern of fatty acid distribution. In the human ery- 
throcyte and plasma cholesterol ester fractions, there 
was a high level of unsaturated fatty acids, with lino- 
leic acid as the major type, and palmitic and stearic 
acids as the saturated ones. An examination of the 
fatty acid content of the triglycerides of the human 
erythrocyte showed it to contain 44 mole per cent of 
saturated fatty acids compared to 15 mole per cent in 
the cholesterol ester fractions or 28 mole per cent in a 


TABLE 6. CHEMICAL NATURE AND LOCATION OF FATTY AcIDS 
OF HUMAN ERYTHROCYTE LECITHINS 








Relative Dis- 
tribution in 
|Mole Per Cent 
Fraction 


Specific Distribution 
in Mole Per Cent 


la y . 
| Sat- |Unsat-| Saturates 


jurates urates | 16:0 18:0 


Unsaturates 
18:1 18:2 20:4 22:? 


Lecithin, intact | 48 | 52 | 34 14 7 26 7 2 


Lysolecithin * 96 


3 68 28 12-—--— 
Fatty acids, ¢ | 
liberated 2 98 1 1 | 34 50 11 3 


| 
| 





* The lysolecithins had the following characteristics: P, 5.52; 
choline/P, molar ratio, 0.97; fatty acid/P, molar ratio, 1.01; 
iodine number, 4; [a]?? — 2.72° (10% in C-M 10:1). 

+ The liberated fatty acids had the following characteristics: 
neutral equivalent, 289; iodine number, 171; P, none detectable 
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TABLE 7. Fatty Actp CoMposiITION OF SPHINGOMYELIN 
ISOLATED FROM HUMAN AND BOvINE BLoop 





Specific Distribution in Mole Per Cent 

















Source | 
Saturates | Unsaturates 
16:0 18:0 20:0 22:0 24:0} 16:1 18:1 18:2 20:4 22:? 24:? 
| 
Human 
Erythrocytes S312 32 16 6 6 5 
Plasma 48 18 " 18 9 2 4 3 " 
Bovine 
Erythrocytes 40 4 . ll 31 1 1 2 10 
Plasma 77 «#13 5 1 4 
| 
* Trace: 


comparable triglyceride fraction from the plasma. 
However, the plasma lipid fatty acids may reflect va- 
riations in nutritional and dietary states. When the 
bovine erythrocyte and plasma cholesterol esters were 
examined for types of fatty acids, 61 to 67 mole per 
cent of linoleic acid was found together with smaller 
amounts of oleic and arachidonic acids. The saturated 
fatty acids represented only 10% of the total fatty 
acids in these fractions. On the other hand, the triglye- 
erides from the bovine erythrocytes presented a com- 
pletely different distribution pattern, with the satu- 
rated fatty acids as the predominant types. In general, 
the results on the fatty acids found in the plasma 
lipids of the cow are in agreement with the observa- 
tions of Garton et al. (55, 56). 





The authors wish to acknowledge the excellent tech- 
nical assistance of Judith Feminella, Joyce Wilson, 
and Sonja Docka. The aid of Demetrios Papahadjopou- 
los in the early stages of this investigation is appre- 
ciated. The authors are indebted to Dr. J. R. Czajkow- 
ski and the King County Central Blood Bank for their 
generous co-operation in these studies. The kind help 
of Dr. J. Kraut in an X-ray study of certain lipid 
fractions is gratefully acknowledged. 


REFERENCES 


1. Turner, J.C. J. Exptl. Med. 105: 189, 1957. 

2. Turner, J. C., H. M. Anderson and C. P. Gandal. Bio- 
chim. et Biophys. Acta. 30: 130, 1958. 

. Phillips, G. B. Biochim. et Biophys. Acta. 29: 594, 1958. 

. Phillips, G. B. J. Clin. Invest. 38: 489, 1959. 

. Hirsch, J.. and E. H. Ahrens, Jr. J. Biol. Chem. 233: 
311, 1958. 

. Kirschner, L. B. J. Gen. Physiol. 42: 231, 1958. 

. Swell, L., and C. R. Treadwell. J. Biol. Chem. 212: 141, 
1955. 


ore CW 


“1m 


8. Dittmer, J. C., and D. J. Hanahan. J. Biol. Chem. 234: 
1976, 1959. 

9. Dittmer, J. C., and D. J. Hanahan. J. Biol. Chem. 234: 
1983, 1959. 

10. Hanahan, D. J., J. C. Dittmer and E. Warashina. J. Biol. 
Chem. 228: 685, 1957. 

11. Hanahan, D. J., and J. N. Olley. J. Biol. Chem. 231: 
813, 1958. 

12. Doerschuk, A. P. J. Biol. Chem. 193: 39, 1951. 

13. Goddu, R. F., N. F. Le Blane and C. M. Wright. Anal. 
Chem. 27: 1251, 1955. 

14. Lands, W. E. M. J. Biol. Chem. 231: 883, 1958. 

15. Sperry, W. M., and M. Webb. J. Biol. Chem. 187: 97, 
1950. 

16. Siggia, S., and R. L. Edsberg. Anal. Chem. 20: 762, 
1948. 

17. Rapport, M. M., and R. E. Franzl. J. Newrochem. 1: 
303, 1957. 

18. Yasuda, M. J. Biol. Chem. 94: 401, 1931. 

19. Yasuda, M. J. Biochem. Tokyo 25: 417, 1937. 

20. Brady, R. O., and G. J. Koval. J. Biol. Chem. 233: 26, 
1958. 

21. Hanahan, D. J., M. Rodbell and L. D. Turner. J. Biol. 
Chem. 206: 431, 1954. 

22. Hanahan, D. J., H. Brockerhoff and E. J. Barron. J. Biol. 
Chem. 235: 1917, 1960. 

23. Vogel, A. I. A Textbook of Practical Organic Chemistry, 
Including Qualitative Organic Analysis. London, Long- 
mans, Green & Co., Inc., 1956, 3d ed. 

24. Lea, C. H., D. N. Rhodes and R. D. Stoll. Biochem. J. 
60: 353, 1955. 

25. Westley, J.. J. J. Wren and H. K. Mitchell. J. Biol. 
Chem. 229: 131, 1957. 

26. Muldrey, J. E., O. N. Miller and J. G. Hamilton. J. 
Lipid Research. 1: 48, 1959. 

27. Rouser, G., 8S. G. White and D. Schloredt, Biochim. et 
Biophys. Acta. 28: 71, 1958. 

28. Rouser, G., and D. Schloredt. Biochim. et Biophys. Acta. 
28: 81, 1958. 

29. Marcus, A. J., and T. H. Spaet. J. Clin. Invest. 37: 1836, 
1958. 

30. Folch, J., I. Ascoli, M. Lees, J. A. Meath, and F. N. Le 
Baron. J. Biol. Chem. 191: 833, 1951. 

31. Barron, E. J., and D. J. Hanahan. J. Biol. Chem. 231: 
493, 1958. 

32. Borgstrom, B. Acta. Physiol. Scand. 25: 101, 1952. 

33. Freeman, N. K., F. T. Lindgren, Y. C. Ng, and A. V. 
Nicholas. J. Biol. Chem. 227 : 449, 1957. 

34. Rhodes, D. N. Biochem. J. 71: 26P, 1959. 

35. Ponder, E. Blood. 9: 227, 1954. 

36. Wheeler, D. H. In Progress in the Chemistry of Fats and 
Other Lipids, London, Pergamon Press, 1954, vol 2, p. 
268. 

37. McKibbin, J. M., and W. E. Taylor. J. Biol. Chem. 196: 
427, 1952. 

38. Dittmer, J. C., J. L. Feminella and D. J. Hanahan. J. 
Biol. Chem. 233: 862, 1958. 

39. Baer, E., and D. Buchnea. J. Am. Chem. Soc. 81: 1758, 
1959. 

40. Baer, E., D. Buchnea and H. C. Stancer. J. Am. Chem. 
Soc. 81: 2166, 1959. 








44. 


45. 
46. 


4s. 


HANAHAN, WATTS, 


. Nelson, G. J., and N. K. Freeman. J. Biol. Chem. 234: 


1375, 1959. 


2. Baer, E., D. Buchnea and A. G. Newcombe. J. Am. 


Chem. Soc. 78: 232, 1956. 


. Marinetti, G., and E. Stotz. J. Am. Chem. Soc. 76: 


1345, 1347, 1954. 


Carter, H. E., W. P. Norris, F. J. Glick, G. E. Phillips, 


and R. Harris. J. Biol. Chem. 170: 269, 1947. 

Mislow, K. J. Am. Chem. Soc. 74: 5155, 1952. 

Sweeley, C. C., and E. A. Moscatelli. J. Lipid Research 
1: 40, 1959. 


7. Hanahan, D. J., and R. Vercamer. J. Am. Chem. Soc. 


76: 1804, 1954. 


MacFarlane, M. G., and B. C. J. G. Knight. Biochem. J. 


35: S84, 1941. 


AND PAPPAJOHN 


J. Lipid Researcl 
October, 1960 


. Barron, E. J. Ph.D. thesis, University of Washington 


1959. 


. Rouser, G., J. F. Berry, G. Marinetti, and E. Stotz. J. 


Amer. Chem. Soc. 75: 310, 1953. 


. Marinetti, G., M. Albrecht, T. Ford, and E. Stotz. Bio- 


chim. et Biophys. Acta. 36: 4, 1959. 


52. James, A. T., J. E. Lovelock and J. P. W. Webb. Bio- 


chem. J. 73: 106, 1959. 


53. Rowe, C. E. Biochem. J. 73: 438, 1959. 
. Nelson, G. J., and N. K. Freeman. J. Biol. Chem. 235: 


578, 1960. 


5. Lough, A. K., and G. A. Garton. Biochem. J. 67: 345 


1957. 


56. Garton, G. A.. and W. R. H. Dunean. Biochem. J. 67: 


340, 1957. 











searcl 
r, 1960 


rton, 


Bio- 


Bio- 





olume 1 
jumber 5 


The analysis of tissue phospholipids: hydrolysis 


procedure and results with pig liver 


G. Husscuer, J. N. HAwrHorNe, and P. Kemp 


Department of Medical Biochemistry and Pharmacology 
The Medical School, Birmingham 15, England 


[Received for publication February 15, 1960] 


SUMMARY 


A procedure for the hydrolysis of phospholipids is described. The effect of alkali concentra- 
tion, organic solvents, and length of hydrolysis have been studied. The initial reaction in the 
preferred solvent system appears to be a methanolysis. The phospholipids are converted 
quantitatively into water-soluble phosphates, which are separated and estimated by ion- 


exchange chromatography. In this way 


phosphatidylcholine, 


phosphatidylethanolamine, 


phosphatidylserine, and phosphatidylinositol may be determined in liver tissue. 


is investigations (1, 2) on the separation 
of mono- and diesters of phosphoric acid by means of 
ion-exchange resins have shown that in principle this 
method can be applied to the analysis of the total 
glycerophosphatides of animal tissues. The method is 
mainly the extension of the work of Dawson (3) and 
involves mild alkaline hydrolysis of total phospho- 
lipids, extraction of the resulting water-soluble esters, 
and separation of the latter on ion-exchange resins, 
using a sodium tetraborate-ammonium formate system 
for elution (4). 

A study of Dawson’s method (3) showed that only 
60% to 65% of the glycerophosphatide phosphorus 
was recovered in the aqueous phase. The low recovery 
is no disadvantage when only the specific activity of 
radioactive lipids is to be determined, but may intro- 
duce errors when the relative proportions of the con- 
stituent phospholipids have to be determined. The loss 
of phosphorus, occurring during the preparation of 
glycerylphosphory! diesters from total phospholipids, 
might not be the same from all diesters. 

The present work describes studies on the mode of 
alkaline hydrolysis of total phospholipids, gives fur- 
ther details of the chromatographic separation of the 
diesters, and reports a procedure which gives quantita- 
tive recovery of glycerophosphatide phosphorus in the 
form of diesters. 


MATERIALS AND METHODS 


Analytical methods and details of ion-exchange 
chromatography were described previously (1, 2). 
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Pure sphingomyelin was prepared according to 
Klenk and Rennkamp (5). Analytical determinations 
were as follows: N, 3.1%; P, 3.6%; molar ratio of 
P:choline, 1.0:1.0 (theory 1:1); molar ratio of P:N, 
1:1.90 (theory 1:2). Esterified fatty acids could not 
be detected. 

Esterified fatty acids were determined by the 
method of Stern and Shapiro (6). Samples of 0.2 to 
0.4 ml were taken, made up to 3 ml with alcohol-ether 
3/1(v/v), and then treated as described by Stern and 
Shapiro. 

Tissues were treated in the following manner for 
the extraction of total lipids. The fresh tissue was 
homogenized in a Waring blendor with at least 10 
volumes of 5% trichloroacetic acid. The precipitate 
was collected by centrifugation and washed 6 times 
with a similar volume of ice-cold, 5% trichloroacetic 
acid, to remove water-soluble phosphates. The pre- 
cipitate was finally washed with 10 volumes of dis- 
tilled water to reduce the acidity and extracted for 
1 hour at room temperature with 10 volumes of chloro- 
form-methanol 1/1(v/v). The insoluble material was 
removed by filtration through a plug of glass wool and 
the filtrate taken to dryness in vacuo. The dry residue 
was extracted with chloroform for 2 hours and the 
insoluble protein filtered off. 

Hydrolysis of such lipid mixtures was carried out 
at about 20° in graduated centrifuge tubes. The 
volume of the solvent mixture was 1 to 2 ml and 
methanolic NaOH was added. The reaction was 
stopped by adding 3 ml of distilled water, 3 ml of 
ether, and enough 1 N HCl to give a final pH of 1. 
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The mixture was shaken and centrifuged. Aliquots of 
the aqueous phase were taken for phosphate analysis. 

Preparation of Crude Phospholipids. One pig liver 
was minced, partially dried with 5 volumes of acetone 
at 4°, and then extracted with chloroform-methanol 
2/1(v/v). The extract was taken to a small volume 
under reduced pressure and phospholipids were pre- 
cipitated by adding 10 volumes of acetone. The pre- 
cipitate was dissolved in chloroform. 


RESULTS 


Choice of Solvent System. A comparison between 
the hydrolysis of pig liver phospholipids in chloroform- 
methanol 1/8(v/v), chloroform-methanol 4/5(v/v), 
and chloroform-methanol-ethanol-ether 1/1/3/2(v/v) 
showed that there was little difference. The water- 
soluble phosphates recovered in the aqueous phase 
after 10 minutes hydrolysis with 0.2 N alkali amounted 
to 84%, 89%, and 88%, respectively, of the phospho- 
lipid added. The second mixture of chloroform-meth- 
anol was taken in subsequent experiments, since it was 
then easier to obtain two phases when water and ether 
were added after hydrolysis. 
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Fic. 1. Time study of phospholipid hydrolysis. Details in text. 
Curve records ng phosphorus in a 2 ml aliquot of the final 
aqueous phase. 


Time Study. In these experiments, 0.2 ml of crude 
phospholipid in chloroform (174 »g P/ml), 0.4 ml of 
chloroform-methanol 2/1(v/v), and 0.4 ml of 0.5 N 
methanolic NaOH were kept at room temperature for 
different periods of time. At the end of hydrolysis, 0.3 
ml of N HCl, 3 ml of water, and 5 ml of ether were 
added. The aqueous phase was analyzed for water- 
soluble phosphate. As can be seen in Figure 1, no fur- 
ther release of water-soluble phosphate occurred after 
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4 minutes of hydrolysis. If the phosphate values shown 
in Figure 1 are corrected for the total volume of the 
aqueous phase (4.2 ml), 89% of the phospholipid phos- 
phorus became water-soluble during hydrolysis. When 
the same phospholipid preparation was analyzed for 
alkali-stable phospholipids according to the method 
of Schmidt et al. (7), 10.8% of the total phospholipid 
phosphorus was found to be stable (see also below). 
This suggests the presence of slightly more than 10% 
of sphingomyelin plus plasmalogens in the crude phos- 
pholipid preparation used. 

Concentration of Alkali. In a similar experiment to 
that recorded in the previous section, the concentration 
of alkali was varied and hydrolysis was carried out 
for 10 minutes. The final concentrations of alkali were 
0.2, 0.1, 0.05, and 0.025 N. No significant change in the 
amount of water-soluble phosphates was found. 

Since it was observed that phospholipid mixtures 
have some buffering capacity, the amount of phospho- 
lipid taken was varied, keeping the alkalinity constant. 
The phospholipid phosphorus added was 10.7, 21.4, 
49.5, and 84.4 pmoles per test (total volume of 1.0 ml 
containing 50 pmoles of NaOH). Between 89% and 
94% of the phospholipid phosphorus was recovered 
in the first three experiments, the difference being 
within experimental error. In the experiment with the 
highest phospholipid concentration, only 35% of the 
phosphorus added was recovered in the aqueous phase. 
It seems, therefore, important to relate the relative 
amounts of alkali and phospholipid rather than to 
hydrolyze at a given final concentration of alkali. The 
above experiments suggest that complete hydrolysis of 
phospholipid occurred at molar ratios of phosphorus to 
alkali up to 1. 

Esterified Fatty Acid Values. In some experiments 
the hydrolysis of phospholipids was followed by deter- 
mination of the fatty acid ester linkages, using the 
hydroxamic acid method (6). Four ml of phospho- 
lipid in chloroform (174 »g P/ml), 4 ml of chloroform- 
methanol 2/1(v/v), and 2 ml of 0.5 N methanolic 
NaOH were mixed, and 0.4 ml samples were taken at 
intervals for ester determination. Figure 2, curve A, 
shows that no change in ester value occurred during the 
first hour of hydrolysis, though almost 90% of the 
phospholipid phosphorus had become water-soluble 
during the first 4 minutes of hydrolysis. When a small 
amount of water was added to the hydrolyzate (curve 
B, 4 ml phospholipid solution, 4 ml of chloroform- 
methanol, 1 ml of water, and 1 ml of N methanolic 
NaOH), the ester value had decreased to 50% of its 
original value during 1 hour. 

In view of the apparent discrepancy between ester 
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Fic. 2. Change in carboxylic ester linkages during hydrolysis. 
Curve A, usual conditions. Curve B, water added. Details in 
text. 


values and water-soluble phosphates, a slightly larger 
amount of phospholipid was hydrolyzed for 10 minutes 
in chloroform-methanol, using a slight molar excess 
of alkali. At the end of hydrolysis, water and ether 
were added, and enough acid to bring the pH of the 
mixture to 1. The aqueous phase contained 92% of the 
phospholipid phosphorus added and ester linkages 
could not be detected; 82% of the ester linkages pres- 
ent at the beginning of the reaction was recovered in 
the organic phase. After careful washing of this phase 
with water, titration showed that on a molar basis, 
12% of the fatty acids originally present had been 
recovered as free fatty acid. This last result is not in 
agreement with the fact that the ester values did not 
change during 1 hour’s hydrolysis. It should be remem- 
bered, however, that at the end of hydrolysis, water 
and acid were added, which might explain the differ- 
ence. 

The results suggested that the long-chain fatty acids 
of phospholipids are “trapped” as esters, the mode of 
breakdown being a methanolysis. The possibility that 
glycerides were formed during alkaline hydrolysis was 
excluded by determination of glycerol. In this experi- 
ment the ether phase obtained after mild alkaline 
hydrolysis, and containing 440 pmoles of ester linkages, 
was hydrolyzed in 1.5 ml of 0.5 N ethanolic KOH for 
16 hours at 37°. No ester linkages were detected after 
this second hydrolysis. Free glycerol was determined 
on the hydrolyzate (8). Assuming that diglyceride was 
the only source of ester linkages in the ether phase 
obtained after the first mild alkaline hydrolysis, 220 
pmoles of glycerol should have been present. Actually, 


0.19 pmole, or 0.1%, of the expected was found. In the 
presence of water (Fig. 2, curve B), the primary re- 
action again seems to be methanolysis followed by a 
slow hydrolysis of the methyl esters. To obtain more 
evidence about the methy] esters, an aliquot of the 
organic phase was treated with a small amount of 
alumina to remove the free fatty acids present and 
applied to a gas-liquid chromatography column. The 
results are shown in Figure 3. Since glycerides were 
not found, it appears that even after addition of water 
and acid (see above), about 88% of fatty acids can be 
recovered as methyl] esters. 

Experiments with Hydroxylamine. The conditions 
of Stern and Shapiro (6) for the determination of 
esterified fatty acids (3 ml of organic solvent contain- 
ing phospholipid, 0.5 ml of 2 M aqueous hydroxylamine 
hydrochloride, and 0.5 ml of 3.5 M aqueous NaOH), 
but without the addition of HCl and ferric chloride, 
also gave good recovery of phospholipid phosphorus in 
the aqueous phase. Experiments were also made with 
free hydroxylamine. This was prepared by the addition 
of the calculated quantity of the hydroxylamine hy- 
drochloride to sodium methoxide in dry methanol. The 
precipitated sodium chloride was filtered off. Using this 
hydroxylamine without addition of alkali, only 4% 
to 6% of phospholipid phosphorus became water-solu- 
ble. Hydroxamic acids could not be detected. If the 
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Fic. 3. Gas-liquid chromatography of ether-soluble hydrolysis 
products. The Martin apparatus was used (Abbotsbury Lab- 
oratories), with a gas-density meter (Martin and James, 9). 
The column was 1.5 m long and had a 3.5 mm bore. Nitrogen 
was the carrier gas and the stationary phase consisted of 
polyethylene glycol adipate on Celite®. The running tempera- 
ture was 197°. Further details are given by Sammons and 
Wiggs (10). P = palmitic acid; S = stearic acid; O = oleic 
acid; L = linoleic acid; M:, Mz = C~ acids. 
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solution of free hydroxylamine contained traces of 
sodium methoxide, or if dilute sodium methoxide alone 
was used, good recoveries of phospholipid phosphorus 
resulted. 

The Behavior of Sphingomyelin. In the experiments 
reported so far, the water-soluble phosphates always 
corresponded to significantly less than 100% of the 
phospholipid added. Sphingomyelins are known to be 
resistant to alkaline hydrolysis (7). A sample of highly 
purified sphingomyelin was treated in the way de- 
scribed above for phospholipids, except that chloro- 
form was used instead of ether in the final extraction. 
Using 7.2 mg sphingomyelin, 6 ml 0.5 N NaOH in 
methanol, 12 ml chloroform, and 6 ml chloroform- 
methanol 2:1, the final aqueous phase (54 ml), after 
one extraction with chloroform, was analyzed for 
phosphate. None was detected in aliquots of 4 mi. 
When ether was used to extract the hydrolyzate, small 
amounts of phosphate were detected in the aqueous 
phase. Most of the sphingomyelin appears to collect at 
the ether-water interface, since it is insoluble in both 
solvents, but a little presumably dissolves in the water, 
accounting for the observed phosphate. 

The crude pig liver phospholipid which usually gave 
about 90% recovery of its phosphate in water-soluble 
form when hydrolyzed by the above method, was also 
analyzed for sphingomyelin by the method of Schmidt 
et al. (7). A typical estimation gave 10.8% of total 
lipid P in alkali-stable combination. This figure is high 
for liver sphingomyelin, but the preparative method 
may have caused some enrichment of this lipid relative 
to the other phospholipids. 

Treatment with Cation-Exchange Resins After Hy- 
drolysis. In Dawson's original procedure (3), the 
sodium hydroxide was removed from the phospholipid 
hydrolyzate by Amberlite® IRC 50. A similar ecar- 
boxylic resin, Zeo-Karb 226, was used in our earlier 
studies based on Dawson’s method (1, 2). There was 
a considerable loss of phosphate at this stage unless 
the resin was washed with a large volume of water. 
Since the hydrolyzate was loaded onto the Dowex 1 
column in the presence of sodium borate, there was no 
need to remove the small amount of sodium hydroxide 
involved in the modified hydrolysis above. Instead, 
boric acid was added to give the required 0.005 M 
sodium borate concentration. This avoided the loss of 
phosphate esters. 

Effect of Lipid-Extracting Solvents. Carbon tetra- 
chloride, ether, petroleum ether, and isobutanol were 
used successively in Dawson’s method. There was 
little loss of phosphate esters from the aqueous phase 
during these extractions, but even after use of all four 
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solvents, some colored material always appeared at 
the top of the column when the final aqueous phase 
was chromatographed. 

Omitting the treatment with carboxylic resin leaves 
the diluted hydrolyzate alkaline, so extraction of fatty 
acids into an organic solvent cannot be expected. The 
extraction procedure was therefore simplified. Two 
extractions with ether were performed and the inter- 
facial material sometimes noticed after centrifuging 
was rejected with the ether. The Dowex columns 
showed less discoloration than in the original pro- 
cedure, and the sodium salts of any fatty acids present 
were not retained by the resin. 

Comparison of the Original and Modified Procedure 
by Resin Chromatography. Samples of the same pig 
liver phospholipid mixture were hydrolyzed by either 
the original or the modified method and loaded onto 
Dowex 1 columns for the separation of the resulting 
phosphodiesters. Details of two such experiments are 
given below. 

(a) Original Procedure. A volume of 5 ml of phos- 
pholipid solution in chloroform (total P, 17 mg) was 
mixed with 63 ml methanol, 3 ml chloroform, 9 ml 
water, and 20 ml N NaOH in methanol. The mixture 
was incubated at 37° for 30 minutes. At the end of 
this period 100 ml ice water was added, and sufficient 
Zeo-Karb 226 (16 to 50 mesh) to bring the pH to 7. 
The resin was then filtered off through a glass-wool 
plug and washed with 100 ml deionized water. The 
combined hydrolyzate and washings were next ex- 
tracted with 200 ml volumes of carbon tetrachloride, 
ether, light petroleum (40° to 60°), and isobutanol. The 
final aqueous layer was made to 250 ml, sodium tetra- 
borate solution being added to give a concentration 
of 5 mM. The solution contained 11.2 mg phosphorus 
(66% recovery) and was applied directly to a Dowex 
1 & 2 column (100 to 200 mesh, formate form, 1 * 20 
em). The eluate was analyzed for P and the following 
eluting mixtures were applied to the column: 5 mM 
sodium tetraborate-10 mM ammonium formate (1.5 
liter), 5 mM sodium tetraborate-40 mM ammonium 
formate (500 ml), 5 mM sodium tetraborate-80 mM 
ammonium formate (1 liter), and 5 mM sodium tetra- 
borate-0.15 M ammonium formate (1 liter). The 
elution pattern is shown in Figure 4. 

(b) Modified Procedure. Four ml phospholipid solu- 
tion (total P 13.6 mg), 3 ml chloroform-methanol 
2/1(v/v), and 2 ml 0.5 N NaOH in methanol were 
mixed and allowed to stand for 15 minutes at room 
temperature. Sixty ml deionized water and 40 ml ether 
were then added and, after shaking well, the mixture 
was centrifuged. The clear ether layer and any inter- 











ves 
itty 
The 
“wo 
ter- 
ring 
nns 
ro- 
ent 


lure 
pig 
cher 
nto 
Ling 
are 


10S- 
was 
ml 
pure 
1 of 
lent 
0 7. 
vool 
The 
ex- 
‘ide, 
The 
tra- 
tion 
rus 
wex 
20 
ving 
mM 
(15 
ium 
mM 
tra- 
The 


olu- 
anol 
vere 
00m 
ther 
ture 
iter- 





volume 1 HUBSCHER, HAWTHORNE, AND KEMP 437 


Number 5 














300-4 

8 

8 soln 

wo! A 
B 

chy 0 A 
y qT q q T q ' v 
20 40 80 120 


Fraction 

lic. 4. Dowex 1 separation of pig liver phospholipid hydrolysis 
products. Details in text. Eluting mixtures: Start to first arrow, 
loading of column; first to second arrow, 5 mM sodium tetra- 
borate-10 mM ammonium formate; second to third arrow, 
5 mM borate-40 mM formate; third to fourth arrow, 5 mM 
borate-80 mM formate; fourth to fifth arrow, 5 mM borate-150 
mM formate. Peaks: A, glycerylphosphorylcholine; B, glyceryl- 
phosphorylethanolamine; C, glycerylphosphorylinositol; D, 
glycerylphosphorylserine ; £, unknown. 


facial material were removed by aspiration and the 
lower layer made to 500 ml with water, after the 
addition of 20 ml 0.1 M sodium tetraborate and 5 ml 
0.1 M boric acid. The solution contained 12.2 mg total 
P (90% recovery, i.e., loss of alkali-stable phospho- 
lipid phosphorus, see above) and was applied to a 
Dowex 1 column and treated exactly as described in 
section (a) above. The elution pattern is given in 
Figure 5. 
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Fic. 5. Dowex 1 separation of pig liver phospholipid hydrolysis 
products (modified method). Details in text. For eluting mix- 
tures and identity of peaks see Figure 4. 


Figures 4 and 5 show that the peaks are better 
separated when the new method is used, and the small 
peaks following peak B do not appear. The reason for 
this is unknown. Peak A represents the last of the 
glycerylphosphorylcholine which passes right through 
the column. Peaks B, C, and D represent glycerylphos- 
phorylethanolamine, glycerylphosphorylinositol, and 
glycerylphosphorylserine, respectively. Peak EF is un- 
identified. 

Application of the Method to Fresh Tissue. An 
amount of tissue containing 10 to 15 mg phospholipid 
phosphorus was homogenized for 1 minute in a Waring 
blendor with 10 volumes of 5% trichloroacetic acid. 
The homogenate was centrifuged and the precipitate 
resuspended in a similar volume of the same acid. The 
washing was repeated three times and followed by one 
washing with distilled water. The tissue was then 
extracted at room temperature for 1 hour with 10 ml 
of 1:1 chloroform-methanol per g fresh tissue, and the 
coarser solids removed by filtration through a glass- 
wool plug. The filtrate was dried in vacuo and the 
residue of lipid and proteolipid protein extracted with 
dry chloroform. In this way protein was removed, and 
the extract contained all the tissue lipids. When neces- 
sary, it was concentrated in vacuo to a volume of 
10 ml. Three ml of methanol and 2 ml of 0.5 N meth- 
anolic NaOH were then added. After 15 minutes at 
room temperature, 50 ml of water and 50 ml of ether 
were added. The mixture was shaken and centrifuged. 
The ether layer and any interfacial material were re- 
moved. To the lower layer 5 ml of 0.1 M borie acid 
and 20 ml of 0.1 M sodium tetraborate were added, 
and the volume was made to 500 ml with distilled 
water. 

This solution was analyzed for phosphorus and 
loaded onto a Dowex 1 column, as described above. 
The phosphorus content of the eluate must be deter- 
mined, since glycerylphosphorylcholine passes right 
through the column. 

The elution mixture cited above may be used, with 
modification, where a tissue contains large amounts of 
a specific phospholipid. Preliminary results indicate 
that the phosphatides of a wide range of tissues may 
be analyzed in this way (e.g., liver, brain, and intestine 
of the rat). Several unidentified peaks have been ob- 
served. 


DISCUSSION 


The method most commonly used at present for the 
separation of phospholipid hydrolysis products is two- 
dimensional paper chromatography. The resin column 
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method offers several advantages over this procedure, 
though relatively large quantities of phospholipid are 
required (5 to 10 mg of phosphorus). The advantages 
are that it can be used after a hydrolysis which is 
simpler and quicker to perform and which gives quan- 
titative recovery of alkali-labile phospholipid phos- 
phorus. There is a possibility that the use of trichloro- 
acetic acid may cause breakdown of plasmalogens to 
give lysophospholipids, which are alkali-labile. In the 
ease of liver, where little plasmalogen is found, no 
difficulty arises. But with tissues such as brain, a 
milder extraction procedure may be required. Prelim- 
inary experiments have been made using chloroform- 
methanol 2/1(v/v) to extract fresh liver tissue, but 
the recovery of certain phospholipids is not the same 
using this method as with the trichloroacetic acid 
method. The stability of plasmalogens under the vari- 
ous conditions used is being investigated. 

The resin method can also be used for the isolation 
and chemical identification of hydrolysis products (1, 
2). By sealing up the amounts, minor phospholipid 
constituents of tissues can be studied in detail. In 
addition, it gives the exact composition of a tissue 
phospholipid mixture, provided that all the peaks ob- 
tained represent pure compounds. For the tissues 
studied so far, this seems to be so. Finally, the hy- 
drolysis products of phosphatidylinositol and “diphos- 
phoinositide”! are readily separated. In paper chroma- 
tography both run slowly and tend to overlap. The 
use of dilute alkali and short hydrolysis ensures that 
the diesters produced from phospholipids do not hy- 
drolyze further to monoesters (2). 

The initial products of alkaline degradation of phos- 
phatides in anhydrous chloroform-methanol solution 
appear to be methy] esters of fatty acids. This is shown 
by the gas-liquid chromatography of extracts from the 
reaction mixture and also by the failure of the ester 
values to decrease under these conditions (Fig. 2). 
Thus the initial reaction seems to be methanolysis. 

Table 1 shows the phosphate distribution among the 
various peaks using the original and modified methods 
on a phospholipid mixture prepared from pig liver. 
This mixture does not represent the total phospholipids 
of the tissue. Two further small peaks are seen when 
the total lipids of rat liver are hydrolyzed by the 
modified method. One of these may arise from “poly- 
glycerophospholipid.” In addition, figures from the 
literature for rat liver phospholipids are given for 
comparison. 

The recovery of phosphate in the peaks is higher by 
the new method, partly because of tailing and losses 


*P. Kemp and J. N. Hawthorne, unpublished observations. 
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TABLE 1. ANALYsIS OF PHOSPHOLIPIDS FROM LIVER * 








Phospha- | Phospha- | Phospha- Phospha-| Un- | Total 





| tidyl- tidyl- tidyl- | tidyl- | known 
| choline | ethanol- serine | inositol | peak 
amine | | | 
= | | — 

Original hydrol- | | | | 
ysis, pig liver ¢ 40 21 | 6.1 3.5 2.9 73 

Modified hydrol- | | 
ysis, pig liver 43 25 6.6 13.7 3.7 92 
Rat liver (11) ¢ | 43 27.6 6.6 = 77 
Rat liver (12) ¢ 39-65 27.5 11.3 — — -s 





* Per cent of total lipid phosphorus present in each component’ 
° . o . . 

},Crude preparation of phospholipids (see Methods). 

Fay . . . e 

t;Number in parenthesis is reference. 


on the column when the original method is used. The 
other reason for better recovery in peaks A to F is the 
absence of the small peaks following glycerylphos- 
phorylethanolamine (Fig. 4). These peaks may arise 
from unknown minor components; however, if they 
are artifacts, the new method has a further advantage. 

A study of this method of the phospholipid composi- 
tion of rat liver and intestine is in progress. 


We wish to thank Mrs. B. Evans, Miss D. Willetts, 
and Miss M. Bason for their help at various stages of 
the work. Dr. G. B. Ansell kindly analyzed the purified 
sphingomyelin. We are grateful to Dr. H. G. Sammons 
for the gas-liquid chromatography, and to Professor 
A. C. Frazer for his interest throughout the investiga- 
tion. 


REFERENCES 


1. Hiibscher, G., and J. N. Hawthorne. Biochem. J. 67: 
523, 1957. 
. Hawthorne, J. N., and G. Hiibscher. Biochem. J. 71: 
195, 1959. 
3. Dawson, R. M. C. Biochim. et Biophys. Acta 14: 374, 
1954. 
4. Khym, J. X., and W. E. Cohn. Biochim. et Biophys. 
Acta 15: 1389, 1954. 
5. Klenk, E., and F. Rennkamp. Z. physiol. Chem., Hoppe- 
Seyler’s 267: 145, 1940. 
6. Stern, I., and B. Shapiro. J. Clin. Pathol. 6: 158, 1953. 
. Schmidt, G., J. Benotti, B. Hershman, and S. J. Thann- 
hauser. J. Biol. Chem. 166: 505, 1946. 
8. Hiibscher, G., and B. Clark. Biochim. et Biophys. Acta 
41: 45, 1960. 
9. Martin, A. J. P., and A. T. James. Biochem. J. 63: 138, 
1956. 
10. Sammons, H. G., and 8. M. Wiggs. Analyst, in press. 
11. Levine, C., and E. Chargaff. Exp. Cell Research 3: 154, 
1952. 
12. Dawson, R. M. C. Biol. Revs. Cambridge Phil. Soc. 32: 
188, 1957. 


i) 


w 











irch 
1960 


tal 


he 
he 
)S- 
ise 
ey 


ied 
ns 
sor 


ra 


pe- 


D3. 


nn- 


cta 





-olume 1 
Number 5 


Composition of cabbage leaf phospholipids’ 
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SUMMARY 


An attempt has been made to resolve the phospholipids of cabbage leaf by chromatography 
on silicic acid. The components include phosphatidylglycerol and an unknown glycerolphospho- 
lipid. The phospholipids were of fairly uniform fatty acid composition, containing pre- 
dominantly palmitic, linoleic, and linolenic acids. 


—_— metabolic studies indicate that there is 
a rapid turnover of the nitrogen-free phospholipids 
such as simple or complex phosphatidic acids and 
inositides (1, 2, 3). The fatty acid composition of the 
members of this group so far examined is unusual and 
suggests a high selectivity in their biosynthesis. Thus 
cardiolipin, the complex phosphatidic acid isolated by 
Pangborn (4) from ox heart, contains only unsatu- 
rated acids, mainly linoleic; there is evidence in favor 
of the structure bis (diacylglycerophosphoryl) glyc- 
erol for this compound (5, 6). The phosphomonoinosi- 
tides isolated from wheat germ, ox heart, and ox liver 
(7, 8) contained equimolar amounts of a saturated 
acid (either palmitic or stearic) and unsaturated acids 
with high iodine numbers. 

The fatty acid composition of the phosphatidic acid 
found in animal tissues (2, 9) is not known. Phospha- 
tidie acid with a high proportion of unsaturated acids 
was isolated from cabbage leaf by Chibnall and Chan- 
non (10), but subsequent work indicates that this was 
largely an artifact due to the action of a phospholipase 
which can split the nitrogenous base from phospha- 
tidylcholine, phosphatidylethanolamine and phospha- 
tidylserine (11, 12, 13). The discovery of phosphatidyl- 
glycerol as a major component of plant leaf phospho- 
lipids (14), and subsequently in trace amounts in the 
rat (15), suggested a possible relationship to phospha- 
tidic acid and cardiolipin. It therefore seemed of 
interest to re-examine the phospholipids of cabbage 
leaf and compare their fatty acid composition with 
those of animal tissues. 


* This work supported by the British Empire Cancer Cam- 
paign Grant to M. G. Macfarlane. 

{+ Present address: Biochemistry Research Division, Sinai 
Hospital of Baltimore, Inc., Baltimore 15, Md. 
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METHODS 


Phosphorus, amino-nitrogen, fatty acid ester, ino- 
sitol, phosphomonoester, and choline-containing phos- 
pholipids were estimated as described by Gray and 
Macfarlane (16), and choline according to Wheeldon 
and Collins (17). 

For glycerol in nitrogen- and inositol-free phospho- 
lipid, the sample was saponified by refluxing in 0.5 N 
NaOH in 50% (v/v) methanol for 4 hours, and after 
neutralization and extraction of fatty acids with di- 
ethyl ether, the glycerophosphate was hydrolyzed with 
bone phosphatase (16); glycerol was then determined 
by spectrophotometric estimation of periodate con- 
sumed in 20 minutes at room temperature, checked by 
colorimetric determination of formaldehyde with chro- 
motropic acid. For glycerol in water-soluble esters of 
glycerophosphoric acid, the sample was first hydro- 
lyzed to monoester in 6 N HCl at 100° for 2 hours. 
After removal of HCl by evaporation, the procedure 
was the same as for lipid samples. 

Serine and ethanolamine were estimated as the 
dinitropheny! derivatives as follows: Lipid samples 
(0.5 to 1.5 pmoles amino-N) were hydrolyzed in 2.0 ml 
3 N HCl (10 N HC! diluted with dioxane) at 100° 
for 3 hours in a stoppered tube. After extraction three 
times with diethyl ether, the aqueous phase was taken 
to dryness at 80° to 90° under a stream of air, and 
water (0.30 ml), 0.1 N NaHCO; (0.20 ml), and 0.1 M 
1-fluoro, 2,4-dinitrobenzene in dioxane (0.20 ml) were 
added. The reaction mixture was left at 70° to 80° for 
1 hour, and after addition of two drops of 1 N HCl, 
was taken to dryness in vacuo. The residue was dis- 
solved in 6 N HCl (0.20 ml) and extracted twice with 
petroleum ether (b.p. 40-60°; 3 to 5 ml) to remove 
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all 2,4-dinitrophenol and dinitrobenzene. The acid 
solution was taken to dryness at 80° to 90° under a 
stream of air (the acid refluxes initially, effecting 
thorough drainage of the tube), and the residue was 
transferred quantitatively in 0.05 to 0.10 ml methanol- 
ether 1/1(v/v) to Whatman No. 3 chromatography 
paper. Separation of the serine and ethanolamine 
derivatives was accomplished by ascending chroma- 
tography in a light-protected vessel, using the upper 
phase of the mixture water:pryridine:tert-amyl al- 
cohol 5/1/5(v/v) (18). The appropriate areas were 
cut out and eluted by soaking 2 to 3 hours in 2.5 to 
10 ml 0.1 N HCl in ethanol, in whieh solvent e350 mu 
is 17,209 and 15,700 for the ethanolamine and serine 
derivatives, respectively. Blank values obtained by 
elution of corresponding areas after chromatography 
corresponded to 0.045 pmole ethanolamine and 0.028 
pmole serine. 

For the identification of phospholipids from glye- 
erophosphorie esters formed on deacylation, mild alka- 
line hydrolysis of samples (1 mg P) was carried out by 
Dawson’s (1) method. After neutralization with Am- 
berlite® IRC-50, the hydrolyzate was extracted with 
ethyl ether, adding methanol to break emulsions, and 
taken to dryness at 40° in vacuo. The residue was 
dissolved in 1.0 ml] water and samples taken for total 
phosphorus and determinations. 
The remainder was reduced to 0.10 ml and samples of 


phosphomonoester 


3 to 6 wl chromatographed according to Dawson (1). 
Table 1 shows R; values for the esters detected and 
for authentic markers. Phosphatidie acid was esti- 


TABLE 1. Re VALUES OF GLYCEROPHOSPHATE DERIVATIVES 

I'ster Ry(1) * | Re(2) * 
Glycerophosphorie acid (GP 0.25 0.61 
Polyglycerophosphoric acid (GPGPG) + 0.125 0.45 
Glycerophosphorylglycerol (GPG) (spot C) 0.40 0.56 
Unknown (spot D 0.56 0.67 
Glycerophosphorylinositol (GPI 0.09 0.26 
Glycerophosphorylserine (GPS) 0.20 0.41 
Glycerophosphorylethanolamine (GPE 0.67 0.41 
Glycerophosphorylcholine (GPC) 0.90 0.41 


* Ry values are for acid-washed Whatman No. 1 chromatog- 
raphy paper. (1) phenol-ammonia; (2) fert-butanol-trichloroacetic 
acid. Distance run by the solvent (ascending), 10 inches. 

+ Derived from cardiolipin. 
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mated as phosphomonoester formed on mild alkaline 
hydrolysis (see above). 

Fatty acids of phospholipid samples (0.4 to 4.0 mg 
P) were saponified overnight at room temperature 
under nitrogen in 10 ml N NaOH. Under these condi- 
tions, phospholipid fractions from the silicie acid col- 
umn dissolved to form clear solutions and the amount 
of fatty acids liberated agreed with the fatty acid 
ester value of the phospholipid, except in a few cases. 
After acidification with 1.5 ml 10 N HCl, the fatty 
acids were extracted with diethyl ether, washed, dried, 
and made to volume in chloroform. A sample of the 
chloroform solution was titrated potentiometrically in 
10 ml pyridine with 0.01 N tetraethvlammonium hy- 
droxide dissolved in 2-ethoxy ethanol. The end point 
for 5 to 10 pmoles fatty acid was accurate to 5% to 
2%. Bromine uptake was determined on a sample of 
the fatty acids solution by the method of Trappe (19). 
The remainder of the fatty acids was converted to 
methyl esters by refluxing in anhydrous methanolic 
HCl. Gas chromatographic analysis was carried out by 
Dr. G. M. Gray on Apiezon L and Reoplex 400 col- 
umns at 190°, using an argon ionization apparatus. 

The technique of chromatography on silicic acid 
has been deseribed by Gray and Maefarlane (16). 
Mallinkrodt 


without prewashing or oven-drying. The load ratio was 


silicie acid, 100 mesh, was employed 


approximately 1.5 mg lipid-phosphorus per g_ silicic 


aed, 


RESULTS 


Extraction. The pale-green heart leaves of fresh 
cabbage were stripped from the midrib, chopped in 
lots of 125 g, and immediately homogenized for 2 
minutes in a Waring blendor at room temperature 
with 259 ml chloroform-methanol 1/1(v/v) preeooled 
to —10°. The extract was filtered and the residue 
re-extracted with 1 liter solvent per kg original weight. 
Each extract was washed three times with an equal 
volume of water; this washing removes at least some 
of the inositide (16). After freezing out residual water, 
the chloroform solution was filtered, dried over calcium 
sulphate, and the solvent removed in vacuo at 40°. 
The residue was a dark-green oil. Two preparations 
were made. Preparation 1 corresponded to 0.21% total 
lipid and 0.093% phospholipid in fresh leaf. Prepara- 
tion 2 was made in the same way with similar yield. 

Purification. Preparation 1 was dissolved in 40 ml 
diethyl ether, and 200 ml acetone was added. After a 
few hours at —10°, the precipitate was collected and 
the supernatant was taken to dryness, dissolved in hoi 
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cetone, and left at —10° overnight. The pooled CHCLs3 32:1 Dt Dt at ab I 0:1 
orecipitates were dissolved in ether and the phospho- MeOH Vv v v voy v 


ipids again precipitated with acetone. Recovery of 
phosphorus was 90%. The material (phospholipid 1) 
was dark brown; P, 2.4%; atomic ratio, amino-N/P, Sr 
0.386; choline-N/P, 0.34. 

Preparation 2 was dissolved in petroleum ether (b.p. 
10-60°) and dialyzed in a rubber glove against the 
same solvent for 24 hours. The nondialyzable fraction 
(phospholipid 2) was bright green and contained all 
the phosphorus; P, 2.4%; atomic ratio, amino-N/P, 


V/V 








lu moles /ml 
WN 
T 

















0.30; choline-N/P, 0.39. | 
Fractionation of Total Phospholipid by Chromatog- 
raphy on Silicite Acid. Phospholipid 1 (4.8 g; 106 mg IP 
P) in 80 ml chloroform, was loaded on a column of 
silicie acid (70 g, 15 em & 3.5 em) prepared in chloro- 0 is nN ene n 
form. After passage of 1.2 liters chloroform, which Pete i noIvV Vv vit vin Ix 


eluted 1.1 @ of fat free from phosphorus, the phospho- ; A> 
5 Fic. 1. Chromatography of total phospholipids of cabbage 


lipid was eluted with increasing concentrations of — Jeaf (preparation 1); 0 = phosphorus, ¢ = amino-nitrogen. 
methanol in chloroform (Fig. 1). The chromatogram 
was completed in a total of 2.0 liters eluting solvents. 
The major peaks, appearing in chloroform-methanol 
32/1, 9/1, and 1/1(v/v), correspond to amino- nitro- may conclude the presence of a lipid impurity. This 
gen-free, amino-N-, and choline-containing phospho- does not appreciably affect the identification of the 
lipids, respectively. Eluates were pooled as shown in phospholipid components but, for reasons discussed 
Figure 1 and analyzed for phosphatidic acid, amino-N, — below, the unsaturation values are only approximate. 
serine, ethanolamine, fatty acid ester, and unsatura- Fraction A I, which had a ratio of glycerol to phos- 
tion of fatty acids, as appropriate, and the component phorus of 1.01, and gave glycerophosphate as the sole 
glycerolphospholipids were detected by paper chroma- phosphoric ester on mild alkaline hydrolysis, is iden- 
tography of the phosphoric esters formed on mild alka- tified as phosphatidic acid. Fraction A II, glycerol to 
line hydrolysis. phosphorus ratio 1.1, contained phosphatidie acid and 
Table 2 summarizes the results. Several of the frac- a phospholipid giving an unknown ester (spot D, Rr 
tions had a low phosphorus content, from which one in phenol-ammonia 0.56). Fractions A I and A IT were 


TABLE 2. FRACTIONATION OF TOTAL PHOSPHOLIPIDS ON SILIcIc ACID 


Molar Ratio (P = 1.0) 


Per Cent ene Number of Double Components Detected on 
Fraction of Total : wo = oe i Bonds ‘Molecule Hydrolysis (Approx. Amounts 
» . si > ) ¥ 4 e Z ie me pe : ‘a a hl r > * 
Phospholipid I Amino-N | Fatty Acid Ester Fatty Acids as Per Cent Total P) 
Al 4.3 3.2 nil 1.94 1.9 GP(95) 
IT 12.9 3.8 nil 1.94 0.7 GP(36); spot D 
III 6.0 3.8 0.12 1.06 1.0 spot D; GPG(27); GPS(12) 
IV 11.6 3.5 0.74 | 1.68 Let GPG; GPS(12); GPE(62) 
V 13.0 3:5 0.87 1.58 1 GPG; GPS(10); GPE(77) 
VI 8.0 2.9 0.83 1.97 ia GPS(5); GPE(78) 
VII 10.0 3.1 0.64 1.82 0.5 GPE 
VIII 5.2 3.0 0.26 1.50 : 
IX 29.0 4.0 0.07 1.72 1.7 GPC 





* Compounds detected in mild alkaline hydrolyzate (see Table 1); amounts computed from analysis of the fractions for phosphatidic 
acid, serine, ethanolamine, and glycerol. 
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analyzed for carbohydrate after hydrolysis in 0.5 N 
H.SO,; A I contained a trace and A II an amount 
equivalent to a molar ratio of glucose to phosphorus 
equal to 0.10, using the phenol-sulphuric acid reagent 
of Dubois et al. (20), which gives a positive test for 
most sugars. Fraction A III, which had a low fatty 
acid ester to phosphorus ratio and a glycerol to phos- 
phorus ratio of 1.30, contained a small proportion of 
phosphatidylserine and two other components: the 
unknown present in A II (spot D) and a third com- 
ponent giving spot C (R; in phenol-ammonia, 0.40). 
Spot C was subsequently identified (see below) as 
glycerophosphorylglycerol (GPG; cf. Benson and 
Maruo (14): R-e = 0.40). Phosphatidylglycerol was 
also present in fractions A IV and A V. These frac- 
tions, with A VI and A VII, constitute the cephalin 
fraction, containing both phosphatidylserine and phos- 
phatidylethanolamine; the spread and consequent 
overlap of phosphatidylglycerol, phosphatidylserine, 
and phosphatidylethanolamine is probably due to the 
range of unsaturation of the constituent fatty acids. 
For example, A VII, which separated as a distinct 
fraction after the main cephalin peak, had a much 
lower iodine value. Fraction A IX gave only a glycero- 
phosphorylcholine spot; the phospholipid was com- 
pletely hydrolyzed by Cl. welchii lecithinase, and all 
the phosphorus was ester phosphorus as estimated by 
the method of Schmidt et al. (21), identifying this 
fraction as lecithin. 


Identification of Glycerophosphorylglycerol (Spot 
C). Fraction A IV (34 mg) was submitted to mild 
alkaline hydrolysis. The hydrolyzate (71% of the 
original phosphorus) was concentrated to 0.10 ml, and 
10 wl portions were spotted on eight lanes on acid- 
washed Whatman No. 3 chromatography paper (found 
to give no phosphorus on elution). The chromatogram 
was developed by the ascending method in phenol- 
ammonia until the solvent front was 10 inches from 
the origin. After evaporation of most of the phenol 
at room temperature, the paper was washed in acetone 
and dried. Areas corresponding to spot C (identified 
by marker lanes) were cut out and eluted by percola- 
tion with 0.1 N HCl. The combined eluates were taken 
to dryness at 40°, dissolved in 2.0 ml water, and 
analyzed. Found: total P, 4.3 pmoles; phosphomono- 
ester, 1.4 ymoles P; glycerol, 9.0 »moles; molar ratio 
glycerol/P, 2.1. The lability of GPG to acid (14) can 
account for the formation of some phosphomonoester. 

Analysis of Spot D. Fraction A II (34.9 mg) was 
hydrolyzed similarly (82% recovery of P) and spot D 
was recovered in the same way as spot C. Found: total 
P, 8.9 pmoles; phosphomonoester, 0.8 »moles; glycerol, 
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9.7 pmoles; molar ratio glycerol/P, 1.1. On direct oxi- 
dation with periodate, the formaldehyde produced was 
equal to 50% of that obtained after hydrolysis with 
acid and phosphomonoesterase, and there was no ex- 
cess consumption of periodate. This behavior is similar 
to that of glycerophosphate. The ester is not a phos- 
phomonoester, however; if it is a diester of phosphoric 
acid, the second substituent does not consume peri- 
odate, but has not been identified. Spot D was dis- 
tinct from the polyglycerophosphate of cardiolipin 
(GPGPG, R; in phenol-ammonia = 0.125). 

Composition of Phospholipid 1. It was computed 
from the analyses that the distribution of phosphorus 
as per cent of the total was approximately: phospha- 
tidie acid, 9; unknown (spot D), 11; phosphatidyl- 
glycerol, 9; phosphatidylserine, 5; phosphatidyl- 
ethanolamine, 32; phosphatidylcholine, 34. 

Fractionation of Phospholipids After Separation of 
Barium Salts Insoluble in Methanol. In the hope of 
improving the separation of phosphatidylglycerol by 
silicic-acid chromatography, the barium salts of the 
total phospholipids were divided into methanol-soluble 
and methanol-insoluble fractions and the two fractions 
chromatographed separately. 

Phospholipid 2 was shaken in diethyl ether-methanol 
solution with 2% barium chloride. The barium salts 
(220 mg P) in 50 ml diethyl ether were treated with 
4 volumes methanol; the precipitate was separated 
after 1.5 hours at —10°, dissolved in 20 ml ether, and 
reprecipitated with 150 ml methanol. The combined 
supernatants constituted the methanol-soluble fraction 
(142 mg P; atomic ratio amino-N/P, 0.27). The in- 
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Fic. 2. Chromatography of methanol-insoluble phospholipid 
from preparation 2. Symbols as in Figure 1. 
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soluble barium salts were washed in succession with 
methanol, acetone, and boiling acetone and reprecipi- 
tated twice from ether solution with methanol. The 
combined washings contained 40 mg P; atomic ratio 
amino-N/P, 0.46. The barium salts were converted to 
the free acids by shaking the ether solution with 
methanol and N HCl and after washing with water, 
the phospholipid was dried and dissolved in chloroform 
(methanol-insoluble fraction, weight 1.56 g; 57 mg P; 
atomic ratio amino-N/P, 0.21). The methanol-insolu- 
ble material was chromatographed on 60 g silicic acid 
(Fig. 2 and Table 3). 

The methanol-soluble fraction was taken to dryness, 
dissolved in diethyl ether and precipitated once with 
acetone. The recovered phospholipid (134 mg P) was 
low in phosphorus; without further purification it was 
chromatographed on 90 g silicic acid (Fig. 3 and Table 
3). 

The methanol-insoluble fraction contained, as ex- 
pected, phosphatidic acid (fractions B I to B III) and 
phosphatidylserine; small amounts of inositide and 
phosphatidylethanolamine were also present. Phos- 
phatidylglycerol and the unknown phospholipid giving 
spot D were both found in the methanol-soluble frac- 
tion, which also contained the lecithin and phospha- 
tidylethanolamine. Only spot D was obtained from 
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Fic. 3. Chromatography of methanol-soluble phospholipid from 
preparation 2. Symbols as in Figure 1. 


fraction C I and the phosphatidylglycerol was con- 
tained in the large fraction eluted by chloroform- 
methanol 19/1(v/v), but this fraction contained a 
high proportion of phosphatidylethanolamine. Elution 
with a lower concentration of methanol in chloroform 
at this stage might effect separation of phosphatidyl- 
glycerol from phosphatidylethanolamine. 


TABLE 3. CHROMATOGRAPHY OF METHANOL-INSOLUBLE AND METHANOL-SOLUBLE PHOSPHOLIPID FRACTIONS 





Per Cent 


Molar Ratio (P = 1.0) 


| 


Number of Double | 
| ie tot ha Components Detected 





Phospholipid P_| of Dry Weight 





Fraction of Total | P as Per Cent - 
| 





Fatty Acid Ester 


Bonds/ Molecule 
| 


Fatty Acids | on Hydrolysis 








Methanol-Insoluble Fraction 


BI 8.8 | 3.4 | nil 2.30 | 1.6 GP 
II 4.1 | 3.5 0.05 | 1.70 1.7 GP 
III 2.9 | 5.5 | 0.09 0.95 | _ GP; GPG (very weak) 
IV 9.3 | 3.1 | ma | 1.90 | 1.2 | GPI; GPS; GPE 
V 4.1 | 4.0 | 0.50 | 1.95 | 1.3 | GPI; GPS; GPE 
Methanol-Insoluble Fraction 
CI . | 1.3 0.05 2.80 0.9 spot D 
II 13.4 1.9 0.58 0.88 1.6 spot D, GPG, GPE 
III lost — — — — — 
IV 3.5 2.1 0.57 2.0 — GPE 
V 3.5 2.9 0.64 2.0 _ GPE 
VI 12.0 3.9 0.02 1.9 2.4 GPC 
VII 17.0 3.4 0.02 1.6 1.5 GPC 
VIII 8.0 3.9 0.04 2.1 1.4 GPC 
PE 4.2 2.4 1.0 2.3 0.7 -- 























* Partially lost. 
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TABLE 4. Fatry Acip ComposiITION OF PHOSPHOLIPID FRACTIONS 











Fraction | Phospholipid Components | 


| 16-0 17-0*| 18-0 | 16-1 | 18-1 | 18-2 | 18-3 | Saturated | Unsaturated | 
| | | | 


a 7" 74 


Fatty Acids as Per Cent of Total 


Number of Double 
Bonds/Molecule 


ane ee: . mi 


Caleulated | Found 





| 
9/23); 29) 36 | 63 14 | 16 
5123 ]}18| 42 | 58 1.2 i 
11 | 17 | 20; 52 | 48 1.1 1.2 
4lie}19| 52 | 434 | 10 1.3 
8/12} 14] 6 | 38 —Ciid| OOS 0.9 

| | | | | 

= | | 
Mo} 31) 27 | 2 74 } 16 | 16 
5 5 | 5 | 79 21 | 0.4 i 05 
5| 9]/u] 72 | 27 | «ae | ey 
16 | 38 | 42 | 4 | 96 2.2 2.4 
11 | 21 | 36 32. CO 68 | 16 15 
11 2 |. 97 38 61 | 1.4 | as 

| 

8 | 23 | 26 39 62 
13 | 26 | 36 24 76 


B 4 \ Phosphatidie acid | = : : 2 
IV Phosphatidylserine 46 2 4 | trace 
V Phosphoinositide 45 2 5 4 
CI Unknown (spot D) 47 | 3 11 4 
II Unknown (spot D); | 
Phosphatidylglycerol | 
Phosphatidylethanolamine | 17 0 8 5 
wh os _Phosphatidylethanolamine | Ss : . : 
C VI Lecithin 2 0 2 0 
VII Lecithin 28 0 4+ | trace 
VIII Lecithin 35 oi Bi 2 
Weighted 
means | 
B I-II Phosphatidic acid 35 0 4 5 
C VI-VIII | Lecithin 21 0 3 1 
* Branched chain. 
+ Contains, in addition, 4.6°,;, 19-1. 
Rechromatography of Fractions C IV and C YV. 


These fractions, which gave only a GPE spot but had 
a low content of phosphorus, were combined, dissolved 
in chloroform-methanol 1/1(v/v), and washed with an 
equal volume of N HCl followed by water, dried, and 
chromatographed on 15 g silicie acid. The recovered 
phospholipid (60% initial P) appeared as three suc- 
cessive peaks when successive chloroform-methanol 
mixtures (9/1; 4/1; and 1/1, v/v) were applied to the 
column. It had an atomic ratio amino-N to phosphorus 
of 1.0, but the percentage of phosphorus by weight was 
unchanged (fraction PE, Table 3). 

Fatty Acid Composition of Phospholipid Fractions. 
Some fractions had a rather low content of phosphorus, 
indicating the presence of lipid impurities. The fatty 
acids obtained by saponification of phospholipid frac- 
tions low in phosphorus showed a high apparent 
equivalent weight, ranging up to 360. No tests were 
made to determine the nature of this lipid impurity; 
the analysis of methyl esters by gas-liquid chroma- 
tography showed that it was not volatile under these 
conditions. In fractions B I and C I, the fatty acids 
recovered after saponification were noticeably less 
than expected from the fatty acid ester value, suggest- 
ing that the high molar ratios fatty acid ester to phos- 
phorus were largely due to extraneous esters of short- 
chain, water-soluble fatty acids. In general, the molar 


ratio fatty acid ester to phosphorus was 2 or less, 
which is good reason to believe that little of the fatty 
acids were derived from extraneous waxes, ete.; the 
absence of fatty acids of chain length greater than Cy», 
shown by gas chromatography, confirms this view 
(22). The extent of contamination of the fractions 
with nonvolatile, unsaturated lipids may be judged 
by comparison of the unsaturation values found for 
the fatty acids and calculated from the gas chroma- 
tography data (Table 4). 

Qualitatively, the phospholipids are of relatively 
simple and uniform fatty acid composition, excepting 
the possible occurrence of a nonadecenoie acid in 
either phosphoinositide or phosphatidylserine. The 
main saturated fatty acid is palmitie acid; the main 
unsaturated acids are linoleic and linolenic acids. One 
of the lecithin (C VI) contained almost 
exclusively unsaturated fatty acids and it is note- 
worthy that the over-all unsaturation of the lecithin is 
greater than that of the phosphatidie acid. The high 
unsaturation of fraction C IT fatty acids may be due 
to enrichment with the unsaturated fraction of the 
phosphatidylethanolamine. 


fractions 


DISCUSSION 


The fatty acid composition of plant phospholipids 
has not previously been studied in detail. An unusual 
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lecithin with only palmitoleic acid was isolated from 
yeast by Hanahan and Jayko (23); other lecithins 
containing Cys acids were thought to be present in 
yeast as minor components. Palmitic acid is a major 
component of the inositide of wheat germ (7) and pea 
(24), while myristic and oleic acids were found in a 
preparation of soybean inositide (25). Shorland (26) 
found for the total phospholipids of grasses and 
clovers 11% palmitic acid and 76% Cys-unsaturated 
acids (approximately equal amounts of linoleic and 
linolenic). Shorland’s results (26) are very similar to 
those for cabbage leaf phospholipids and point to 
palmitic as the characteristic saturated fatty acid and 
linoleic and linolenic as the characteristic unsaturated 
fatty acids of the leaf phospholipids. The general uni- 
formity of fatty acid composition of the fractionated 
phospholipids strongly suggests that either or both of 
palmitic and linolenie acids are major components of 
the phosphatidylglycerol. This is in contrast to cardio- 
lipin (linoleic and oleic) (16) and other phospholipids 
of animal tissues (27), e.g., cephalin and lecithin, 
which contain only traces of linolenic acid. 

Phosphatidylglycerol formed a much smaller pro- 
portion of the phospholipids of cabbage leaf than was 
reported by Benson and Maruo (14) for the phospho- 
lipids of Scenedesmus cells and the leaves of tobaeco 
and clover. For example, tobacco leaf phospholipids 
were found to be: lecithin, 46.5%; phosphatidyl- 
ethanolamine, 7.9%; phosphatidylserine, 0.7%; phos- 
phatidylglycerol 22% ; phosphoinositide, 22.4%. These 
values were obtained by counting P** in the individual 
phospholipids separated by two-dimensional paper 
chromatography after in vivo labeling; however, the 
specific radioactivity of the phospholipids was not 
determined and no aecount seems to have been taken 
of the possibility that it was not uniform. 


Two phospholipids found in the cabbage leaf ex- 
tracts, phosphatidic acid and the unknown giving 
spot D, were not detected by Benson and Maruo (14); 
their failure to find phosphatidie acid supports the 
conclusion that it is entirely an artifact formed by the 
action of phospholipase on other phospholipids. It is 
possible that the spot D phospholipid is also an arti- 
fact formed by enzyme action. The possibility that 
the spot D phosphorie ester is an artifact of the dea- 
eylation procedure preliminary to paper chromatogra- 
phy cannot be excluded in view of the formation of 
cyclic glycerophosphate on prolonged methanolysis of 
glycerophospholipids (15). However, this spot did not 
occur in controls, and in the hydrolyzate of fraction 
C Tit was the only component detected on the chroma- 
togram. The composition of the ester was not deter- 


mined, though the presence of a sugar or amino-nitro- 
gen moiety was excluded. The fact that the ester does 
not consume periodate in excess of a molar ratio glye- 
erol to phosphorus of 1 is a further limitation to the 
number of possible residues. On the other hand, the 
parent phospholipid may be of the cardiolipin type, 
but having equimolar proportions of glycerol and 
phosphoric acid, a structure which would require an 
intramolar-ester bond. 
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SUMMARY 


Phospholipid-free milk fat, beef tallow, and ox heart fat contain approximately 50 (calcu- 
lated as tetradecanal), 65, and 1000 mg per kg (calculated as hexadecanal), respectively, of 
aldehydes. The aldehydes are bound as enol-ethers, and are located mostly in the a-position of 
the glycerol molecule. A sample of milk fat was found to contain 45 mg per kg glycerol ether 








(calculated as chimy] alcohol). 


a. recent years the chemical structure of the 
plasmalogens has been the subject of a number of 
investigations. Klenk and Debuch (1) proposed, as 
one of several alternatives, the structure in which an 
aldehyde is linked by an enol-ether bond to the 
glycerol moiety. Evidence for this structure is rapidly 
accumulating (2 to 5), but the position of the aldehyde 
on the a- or B-carbon of glycerol is still a matter of 
controversy (6, 7, 8). Karnovsky and co-workers (9) 
reported the occurrence of acetone-soluble, aldehyde- 
containing lipids in the starfish (Asterias Forbesi). 
This led them to consider the possible existence of non- 
phosphorus-containing lipids that split off aldehydes 
in acid. 

This paper presents experimental evidence for the 
occurrence of “nonphosphatide aldehyde-containing 
lipids” in ox heart, beef tallow, and bovine milk fat. 
Our starting point was the same as Karnovsky’s, 
namely, the observation that lipid material not con- 
taining phosphorus could split off aldehydes. As a 
working hypothesis, we drew up a formula analogous 
to plasmalogen: 


a CH,—O—CH=CH—R, 


| 
sg CH—O—CO-R, 


ification 


a’ CH,—O—CO—R; 


This material, when saponified, should give two fatty 
acids and an a-glycerol enol-ether. Experimental evi- 
dence supporting this structure is presented. In the 


sapon- 


course of the investigation, saturated a-glycerol ethers 
of the batyl alcohol type were detected in cream. 


METHODS AND RESULTS 


Starting Materials. Milk fat was obtained by churn- 
ing 35% fresh cream in a Hobart-mixer at 15°, after 
which the butter obtained was melted at 50°. The 
clear fat layer was dried with anhydrous MgSO, and 
filtered. The resulting fat did not contain detectable 
amounts of phosphorus. 

The absence of phosphorus was checked by the 
method of Zilversmit and Davis (10). Two g of lipid 
were incinerated in the presence of magnesium car- 
bonate, and the ash gave a negative phosphorus reac- 
tion. By the above-mentioned method, 2 ng of phos- 
phorus is easily detected, which implies that the lipids 
contain less than 0.0001% phosphorus. 

Beef tallow was rendered from the minced tissue 
by careful melting at 120° under nitrogen. The dried 
and filtered tallow was subjected to countercurrent 


ea CH,—O—CH=CH—R;, 


| 
8B CHOH 
> 


| 
at CH,OH 


fractionation with isooctane-methanol 1/1(v/v). The 
triglyceride fraction contained no phospholipids. 
Phosphorus-free ox heart lipids were obtained in 
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the following way. One kg ox heart was extracted by 
the method of Folch et al. (11); 32 g lipids were ob- 
tained and dialyzed through a rubber membrane by 
the method of Van Beers et al. (12). The phospholipids 
remained in the residue, while triglycerides, choles- 
terol, and cholesterol esters quickly passed into the 
dialyzate. Traces of phosphorus-containing com- 
pounds, which might have leaked through the mem- 
brane, were eliminated by passing the residue of the 
dialyzate, dissolved in ethyl ether, through a 20 X 
450 mm silica gel column (13) with silica gel prepared 
according to Gordon et al. (14). The nonphosphatide 
lipids were eluted with 500 ml ethyl ether. In this way 
an 8 g lipid preparation, free from phosphorus, was 
obtained from 1 kg ox heart. 


Determination of Bound Aldehydes with Three 
Methods. To eliminate free aldehyde, the lipids were 
heated at 140° for 6 hours and a pressure of 10% 
micron by the method of De Bruyn (15). Subse- 
quently, the bound aldehydes were determined by 
conversion with methanol-hydrochloric acid to methyl 
esters, glycerol, and dimethyl acetals (16). After 
saponification and extraction, the dimethy] acetals in 
the unsaponifiable fraction were decomposed with 15 
ml acetic acid for 16 hours at 50°. The free aldehydes 
were converted into their dinitrophenylhydrazones on 
the reaction column of Haverkamp Begemann and 
de Jong (17) and subsequently analyzed on the nitro- 
methane SiOz partition column described by Kramer 
and van Duin (18). The dinitrophenylhydrazones of 
aldehydes with less than 12 carbon atoms, originating 
from contaminants in the solvents or from oxidative 
decomposition products, were discarded; those of alde- 
hydes with more than 11 carbon atoms were deter- 
mined spectrophotometrically in chloroform (max. 358 
mp, and « = 22500 were used for the calculation). 
Milk fat contained 50 aldehydes per kg (calculated as 
tetradecanal) ;1 beef tallow, 65 mg per kg, and ox 
heart phosphorus-free lipids, 1000 mg per kg (caleu- 
lated as hexadecanal). 


In the second procedure, milk fat, from which free 
aldehydes had been removed by high vacuum heating, 
was stirred with 2 parts glacial acetic acid and 2 parts 
2 N hydrochloric acid for 2 hours at 50°. The fat was 
washed acid-free with water, dried over MgSO,, and 
again subjected to high vacuum heating. The higher 
aldehydes in the distillate, determined as _ before, 
amounted to 45 mg per kg. 

By the third method, 390 g milk fat, containing 42 


*The composition of the aldehyde mixture will be published 
separately. 


mg per kg bound aldehydes according to the previous 
method, was saponified with 135 g KOH in 1.35 liters 
ethanol by refluxing for 1 hour. After diluting with 
6.5 liters water, the unsaponifiable fraction was suc- 
cessively extracted with 2, 1, and 1 liter portions of 
ether. The unsaponifiable fraction containing 8.2 mg 
aldehyde, i.e., 50% of that originally present, was 
then subjected to a 100-tube countercurrent fractiona- 
tion with isooctane-methanol 1/1(v/v). The fraction 
corresponding to monopalmitin in a model experiment 
(partition coefficient 0.1) was isolated. Free aldehydes, 
if any, were converted to acids by oxidation with silver 
oxide in 90% dioxane, according to the method of 
Mitchell and Smith (19), and the acids extracted with 
alkali. The unconverted neutral portion was taken up 
in optically pure petroleum ether (b.p. 40°-60°), after 
which an aliquot was transferred to an 11 & 270 mm 
column of Celite® (Johns-Manville 545) loaded with 
50% 2 N hydrochloric acid. Subsequently, 15 ml 
optically pure petroleum ether (20) was passed 
through, followed by 40 ml water. The aldehydes of 
the total unsaponifiable fraction in the petroleum ether 
eluate, determined as their dinitrophenylhydrazones, 
amounted to 7.2 mg. In the aqueous eluate, 3.7 mg 
glycerol was found by periodic acid oxidation, accord- 
ing to Hanahan and Olley (21). If 1 mole aldehyde 
were bound to 1 mole glycerol, 3.1 mg could be ex- 
pected. That only glycerol was determined was con- 
firmed by the paper chromatographic method of 
Hough (22). 


Thirty-four g phosphorus-free lipids from ox heart, 
containing about 1000 mg aldehyde per kg, as deter- 
mined by Leupold’s method, was saponified with 12 g 
KOH and 120 ml ethanol. After diluting with 570 ml 
water, the unsaponifiable fraction was isolated by 
extracting the soap solution 7 times with ether (once 
with 560 ml; 6 times with 300 ml). The unsaponifiable 
fraction, containing 29 mg aldehyde (calculated as 
hexadecanal), was not subjected to countercurrent 
distribution but was immediately treated with silver 
oxide in order to remove free aldehydes. The uncon- 
verted fraction was isolated and subsequently taken 
up in optically pure petroleum ether. Of this solution, 
a 0.4 portion was transferred to a Celite®-hydrochloric 
acid reaction column (see above). In an aliquot of the 
petroleum ether eluate, the aldehydes were converted 
into their dinitrophenylhydrazones on a Celite®-dini- 
trophenylhydrazine column. Because the unsaponifi- 
able fraction had not been fractionated by counter- 
current distribution, the dinitrophenylhydrazone mix- 
ture still contained relatively large amounts of sterols 
which were removed by passing through a 15 & 170 








448 SCHOGT, HAVERKAMP BEGEMANN, AND KOSTER 


mm aluminum oxide column.? The hydrazones were 
eluted with 150 ml petroleum ether-ether 90/10(v/v). 
Only then were the dinitrophenylhydrazones analyzed 
on the nitromethane-silica gel column, yielding 9.7 mg 
aldehyde, which is 24 mg per total unsaponifiable 
fraction. A glycerol determination yielded 8.8 mg per 
total unsaponifiable fraction. If 1 mole aldehyde were 
bound to 1 mole glycerol, 9.3 mg glycerol could be 
expected. 

Nature of the Bond Between Aldehyde and Glycerol. 
Apparently the unsaponifiable fraction of milk and 
ox heart fat contain compounds with 1 mole aldehyde 
bound to 1 mole glycerol. In view of the structure of 
plasmalogens, it is logical to suppose that the com- 
pound is an enol-ether. This can be proved by hydro- 
genation yielding glycerol ethers which, on treatment 
with acid, are no longer able to split off aldehyde 
(2,4, 8). 

Half the “monoglyceride peak” from the unsaponifi- 
able fraction of 390 g milk fat, and from which the 
free aldehydes had been removed by oxidation, was 
dissolved in 3 ml methanol, and, after adding 40 mg 
of Adams’ PtO» catalyst, hydrogenated at room tem- 
perature in 20 minutes. After taking up the product in 
optically pure petroleum ether, the solution was 
transferred to the Celite®-dinitrophenylhydrazine col- 
umn, and 0.122 mg aldehyde was found; that is, 3.4% 
of the aldehyde originally present. 

Of the unsaponifiable fraction from 34 g ox heart 
phosphorus- and aldehyde-free lipids, 4% were hydro- 
genated in the same way as above. From the hydrogen- 
ated product, 0.030 mg aldehyde (3.2% of the initial 
amount) was liberated on the Celite®-dinitrophenyl- 
hydrazine column. 

Position of the Aldehyde Group in the Aldehyde- 
Glycerol Compound. To establish whether the alde- 
hyde is at the a- or B-position, the aldehyde-glycerol 
compound was hydrogenated, and the glycerol ether 
so formed was treated with periodic acid according to 
Marinetti et al. (4). However, to draw a conclusion 
from such an experiment, it must first be ascertained 
whether glycerol ethers are present in milk fat before 
hydrogenation. To this end, a portion of the mono- 
glyceride peak from the unsaponifiable fraction of 
milk fat, containing 4.46 mg bound aldehyde, was dis- 
solved in petroleum ether and passed through a Cel- 
ite®-hydrochlorie acid column. The split-off glycerol 
remained in the column while the liberated aldehydes, 
together with any glycerol ethers present and other 
unidentified substances, were eluted with 40 ml pe- 


* Alumina ICI, dried at 160°, to which 8% water had been 
added. 
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troleum ether, followed by 20 ml ethyl ether. The 
eluate was washed with water and sodium carbonate 
solution, evaporated, and the residue chromatographed 
on all & 110 mm SiO, column (14) loaded with 5% 
water. 

It had previously been established that 200 ml 1% 
ethyl ether in petroleum ether elutes aldehydes; 100 
ml 25% ethyl ether in petroleum ether elutes choles- 
terol; and finally, 50 ml 100% ethyl ether elutes glyc- 
erol ethers. 

The fraction emerging from the column in the posi- 
tion of glycerol ether, and no longer containing glyc- 
erol enol-ethers, was dissolved in glacial acetic acid. 
One-fourth of this solution was oxidized with periodate 
according to the method of Marinetti et al. (4). The 
amount of periodate consumed was determined spec- 
trophotometrically and found to be 3 p»moles. Pure 
glycerol ethers consume 0.93 mole periodate per mole 
ether. In a portion of unsaponifiable fraction contain- 
ing 4.46 mg bound aldehydes, 13 pmoles glycerol ether’ 
was found. 

Another equally large portion of the “monoglyceride 
fraction” from the unsaponifiable fraction of milk fat 
containing 4.46 mg bound aldehyde (calculated as 
tetradecanal) was hydrogenated, after which 3.4% 
aldehyde precursors still remained. The reduction 
product was passed through a Celite®-hydrochloric 
acid reaction column, and the eluate chromatographed 
over the SiQ.-5% H,O column in the same way as 
the nonhydrogenated portion. One-fourth part of the 
glycerol ether fraction was again treated with peri- 
odate; 6.5 moles was consumed, corresponding to 28 
pmoles glycerol ether. Thus 15 pmoles a-glycerol ether 
was formed during hydrogenation. The precursor of 
4.46 mg aldehyde, which was 96.6% hydrogenated, 
should yield 20 pmoles. The difference could be due to 
B-glycerol ether. 


DISCUSSION 


In the unsaponifiable fraction of milk fat, only 50% 
of the amount of aldehydes determined in the whole 
fat by the Leupold method was found. It is possible 
that the missing aldehydes are present in the un- 
saponifiable fraction as normal acetal. Only 1.2% of 
the glycerol acetal of tetradecanal is split on the 
Celite®-dinitrophenylhydrazine reaction column. It is 
more probable, however, that the aldehyde-glycerol 
compounds were not completely recovered from the 


* The composition of the glycerol ether mixture will be pub- 
lished separately. 
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saponified lipid. According to Karnovsky et al. (23), 
glycerol ethers are difficult to extract from the soap 
solution even with ethyl] ether. In this connection it 
should be mentioned that the recovery of the un- 
saponifiable fraction from ox heart lipid was more 
successful. This fraction was obtained by extracting 
the soap solution 7 times with ethyl ether, whereas the 
unsaponifiable fraction from milk fat was isolated by 
extracting only 3 times with smaller amounts of ethyl 
ether. 

As has already been stated, the clear milk fat was 
heated to remove free aldehyde. In different portions 
of milk fat 0.1 to 0.8 mg free aldehyde per kg fat was 
found in the distillate, while about 50 mg per kg bound 
aldehyde was present. Usually a very small content of 
free aldehydes (dodecanal and higher) is also present, 
in butter. For some samples of fresh butter, however, 
this content was higher than normal: in a Dutch 
butter, 20 mg per kg was found; in a German butter, 
prepared from sweet cream, 11 mg per kg. Whether 
these free aldehydes are formed from the plasmalogens 
or from the phosphorus-free aldehyde containing lipids 
is not yet known. 

According to Van Duin (24), higher aldehydes in 
fresh butter are formed from the butter plasmalogens 
under the influence of the low pH of the butter serum. 
Aldehydes can probably also be split off by the action 
of enzymes or metal complexes (25). 

Whether the glycerol ethers, the presence of which 
was demonstrated in the unsaponifiable fraction of 
butter fat, were present as such in butter, or were 
initially bound as glycerol ether fatty-acid ester, was 
not established. 

This latter class of compounds was found by André 
and Bloch (26) in shark liver oil, and by Karnovsky 
and Brumm (27) in the starfish. It is unlikely that the 
glycerol ethers originate from a phosphatide, as the 
phosphoric acid component is not split off by alkaline 
saponification and the compound, from which only the 
fatty acid component is removed, does not, in conse- 
quence, enter the unsaponifiable fraction. In order to 
ascertain whether the glycerol ethers of milk fat occur 
as such or are bound, it will be necessary to subject 
the milk fat to countercurrent distribution and in- 
vestigate the ‘““‘monoglyceride” fraction. 


The authors wish to thank the management of 
Unilever N.V. for permission to publish this paper, 


and Mr. W. Soeting for his contribution in carrying 
out the low pressure distillation experiments. 
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SUMMARY 


The interaction of serum lipoproteins with the hydroperoxide of methyl] linoleate was studied 
by means of analytical ultracentrifugal or paper electrophoretic analysis. The results indicated 
that lipohydroperoxide seemed to have a marked effect on the stability of low density or 
8-lipoproteins. The hydroperoxide of methyl linoleate extensively denatured the isolated low 
density lipoproteins. An initial or primary association of the hydroperoxide of methyl] linoleate 
with low density lipoproteins was noted prior to its denaturation. Furthermore, the results 
indicated that the hydroperoxide of methyl] linoleate selectively or preferentially denatured 
8-lipoproteins and not other serum lipoproteins or protein constituents. Jn vivo studies indi- 
cated that the hydroperoxide of methy! linoleate inhibited lipid absorption. Although some 
lipohydroperoxide was absorbed from the intestinal tract when diluted with methyl linoleate, 
it is not known whether an exogeneous source of lipohydroperoxide can contribute to the 
in vivo denaturation or degradation of 8-lipoproteins. 


- of lipids in the aorta and its 
branches has been a dominant factor in the develop- 
ment of atherosclerosis (1, 2, 3). Kayahan (4) has 
claimed that denatured protein in the intima of athero- 
sclerotic subjects is responsible for an increase in 
lipid-binding capacity of the aorta. On the other 
hand, the accumulation of lipid might be caused by an 
abnormality in lipid metabolism which may or may 
not eventually cause denaturation of the protein. 

A sudanophilic and acid-fast pigment has been 
demonstrated to occur in variable amounts, frequently 
in abundant quantities, in the atheromatous lesions 
in man (5). Burt (6) has claimed that the incidence 
of acid-fast material or “ceroid” pigment in the vessel 
is directly proportional to the degree of intimal thick- 
ening. Although this material is often intensely sudan- 
ophilic, it was not extracted by fat solvents (7). The 
ceroid pigment was believed to form by autoxidation 
or peroxidation of unsaturated fat in vitro (8). The 
bound lipid may form in situ or may represent ab- 
normal end products of lipoprotein metabolism. It has 
been shown that atherosclerotic aortas contain lipoper- 

* Presented at the meeting of the American Society of Ar- 


teriosclerosis, November 9, 1959. (Abstract in Circulation 20: 
972, 1959.) 

Supported by Research Grant H-3063 from the National In- 
stitutes of Health, United States Public Health Service, De- 
partment of Health, Education, and Welfare. 


450 


oxides and that the peroxide content parallels the de- 
gree of severity of the atherosclerosis, while normal 
aortas are free from lipoperoxides (9). Recently, in 
vitro nonenzymatic formation of lipoperoxide in heart 
muscle and liver mitochondria fractions has been re- 
ported (10, 11). Furthermore, the presence of lipo- 
peroxides in the liver and muscle of rabbits kept on a 
vitamin E-deficient diet has been observed by various 
workers (12, 13). It may be possible that, as a result 
of certain disturbances of lipid metabolism, lipoper- 
oxides may be formed in the aorta in vivo and may 
denature B-lipoproteins, facilitating the deposition of 
lipid materials in the aorta. 

The present experiments were designed to study the 
interaction of lipoperoxide with low density or B- 
lipoproteins and with other serum proteins and lipo- 
proteins. In addition, the extent of absorption of lipo- 
peroxide in lymph-cannulated rats and the effects of 
intraperitoneal injection on serum protein and lipopro- 
tein constituents were studied in order to determine 
the origin of lipoperoxide in vivo. 


METHOD 


The methy] linoleate used in this investigation was 
prepared from safflower oil by the bromination and 
debromination method as described by Rollett (14) 
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and modified by Frankel and Brown (15). The hydro- 
peroxide of methyl linoleate was prepared at 0° by a 
modification of the method of Holman and Greenberg 
(16) and Privett et al. (17, 18). Soybean lipoxidase 
was obtained by the extraction of soybean flour! in 
acetate buffer at pH 4.5. Colloidal linoleate substrate 
was prepared by emulsification of methyl linoleate in 
phosphate buffer (pH 7.0) which contained 1% al- 
bumin.? The hydroperoxide of methyl linoleate was 
purified by a countercurrent extraction method as 
described by Privett et al. (19); the peroxide value of 
the separated fraction was 5820 meq per kg. Methyl 
palmitate was prepared from palmitic acid® (20). 

Pooled samples of chicken serum or human serum 
obtained from normal male volunteers were subjected 
to an initial centrifugation at 40,000 x g for 30 min- 
utes to remove coarse material. The solution density of 
the sera was then adjusted to 1.063 with saline solu- 
tion, and a 1 ml portion of the low density lipoprotein 
fraction isolated from every 5 ml of original serum 
according to the method of Gofman et al. (21) at 
30,000 rpm in a Spinco Model L centrifuge. Exactly 
1.2 ml of the lipoprotein fraction thus obtained and 10 
mg of methyl linoleate or the hydroperoxide of methyl] 
linoleate were placed in a Warburg flask and shaken 
in a Warburg apparatus under nitrogen at 20° for 0, 
2, 5, and 10 hours. The lipoprotein fraction was then 
centrifuged at 12,000 > g for 20 minutes and the clear 
solution subjected to ultracentrifugal analysis in a 
Spinco Model E ultracentrifuge at a bar angle of 45° 
and at a speed of 52,640 rpm with an acceleration time 
of 5 minutes, 30 seconds. The first picture was taken 8 
minutes after obtaining maximum speed, and pictures 
were taken at 8-minute intervals. 

In a study on the interaction of lipohydroperoxide 
with serum protein and lipoprotein constituents, 2.4 
ml of human serum and 20 mg of the hydroperoxide of 
methyl linoleate or fresh methyl] linoleate were placed 
ina Warburg flask and shaken in a Warburg apparatus 
under nitrogen at 20°. After 0, 2, 4, 6, and 10 hours 
of shaking, approximately 0.15 ml of the serum was 
transferred with the aid of a syringe into a polyethyl- 
ene capillary tube and centrifuged at 12,100 * g for 
20 minutes. The denatured lipoproteins or lipoprotein- 
lipohydroperoxide complex and unreacted methyl] ester 
which floated on top were removed by cutting off this 


*Nutrisoy 7 B, obtained through the courtesy of Archer- 
Daniels-Midland, Minneapolis, Minn. 

? Crystalline bovine plasma albumin, obtained through the 
courtesy of Armour and Company, Chicago, IIl. 

* Eastman, Distillation Products, Rochester, N. Y. 


portion of the tube. The clear solution which remained 
was subjected to quantitative electrophoresis with the 
aid of a Spinco Model R-Series D paper electrophoresis 
cell and a Heathkit voltage regulated power supply. 
Veronal buffer, pH 8.6, 0.075 ionic strength, was per- 
mitted to wet the paper strips (Schleicher and Schuell 
2043 A mgl), and 6 or 20 lambda of sample was applied 
with the aid of a Spinco sample applicator for the 
electrophoretic fractionation of serum proteins or of 
serum lipoproteins, respectively. A current of 5 milli- 
amperes was passed through the papers for 15 hours. 
The filter papers were stained with bromophenol blue 
for serum proteins according to the Spinco Procedure 
B (22), and with Ciba red 7B for serum lipoproteins 
according to the procedure of Straus and Wurm (23). 
After staining, the strips were scanned with a Spinco 
Model RB Analytrol. 


In order to observe an initial or primary association 
of the hydroperoxide of methyl linoleate with low 
density lipoprotein molecules prior to the denaturation 
of the lipoproteins, the low density lipoprotein fraction 
of chick serum was shaken with the hydroperoxide of 
methyl linoleate for 2 hours under the same condition 
as employed for the ultracentrifugation studies. After 
removal of the floating material at 50,000 x g for 1 
hour, 0.1 ml of clear lipoprotein solution was extracted 
with 5 ml of absolute alcohol; the proteins and the 
inorganic salts were removed by filtration; and the 
spectral absorption of the filtrate was determined with 
the aid of a Cary Recording Spectrophotometer. 


For a study on the absorption of the hydroperoxide 
of methyl linoleate, weanling rats which had been kept 
on a regular stock diet (24) for eight months were used. 
A permanent intestinal lymph fistula was made by a 
modification of the method of Bollman et al. (25, 26). 
Intramedic polyethylene tubing (PE 50), which had 
been previously wetted with heparin solution, was 
inserted into the main intestinal lymphatics under 
anesthesia with Nembutal® (0.5 ml per kg body 
weight). The rats were kept in restraining cages and 
allowed access to physiological saline solution and a 
fat-free, purified diet which consisted of 65% cerelose, 
30% casein, 5% Wesson salts, and 100 mg of a water- 
soluble vitamin mixture (27) per kg of diet. One ml of 
test sample was administered with the aid of a 
stomach tube 24 hours after the operation, under slight 
anesthesia with ether, and the intestinal lymph was 
collected every 2 hours for a total period of 12 hours. 
The lymph was defibrinated and its optical density 
measured at 650 my in a silica cell in a light path of 
1 mm. The results were expressed as the optical density 
multiplied by the weight of lymph collected every 2 
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hours. Furthermore, in order to observe whether in- 
testinal absorption of the hydroperoxide of methyl 
linoleate had taken place, 0.1 ml of lymph was ex- 
tracted with 5 ml of absolute alcohol, the precipitates 
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were removed, and the absorption spectrum of the 
aleohol extract was determined in the ultraviolet region 
with a Cary Recording Spectrophotometer. 

In order to observe the in vivo effect of the hydro- 



































Fic. 1. Progressive changes in the ultracentrifugal flotation pattern of chicken low density lipopro- 

teins after interaction with the hydroperoxide of methyl linoleate. The first series of pictures, labeled 

C;, represents the flotation patterns of untreated lipoproteins; C2, Cs, and C,, the lipoproteins which 

had been shaken with the hydroperoxide of methyl linoleate for 2, 5, and 10 hours, respectively ; and 
C:;, the lipoproteins which had been shaken with methy] linoleate for 10 hours. 
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peroxide of methyl linoleate on serum lipoprotein and 
protein constituents, 1 ml of 10% methy!] linoleate, or 
the hydroperoxide of methyl linoleate in methyl pal- 
mitate, was injected intraperitoneally into rats. Ap- 























proximately 0.2 ml of blood was taken from the tail 
vein at 0, 6, 12, and 24 hours after the injection, the 
blood was centrifuged, and 8 or 20 lambda of the 
serum was applied to the paper for electrophoretic 





Fic. 2. Progressive changes in the ultracentrifugal flotation patterns of human low density lipopro- 

teins after interaction with the hydroperoxide of methyl linoleate. The first series of pictures, labeled 

H,, represents the flotation patterns of untreated lipoproteins; H2, H;:, and H,, the lipoproteins which 

had been shaken with the hydroperoxide of methyl linoleate for 2, 5, and 10 hours, respectively; and 
H,;, the lipoproteins which had been shaken with methy] linoleate for 10 hours. 
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fractionation of serum proteins or lipoproteins, respec- 
tively. The electrophoresis and the staining of the 
paper strips were performed as described previously. 


RESULTS 


The results indicated that the hydroperoxide of 
methyl linoleate had a marked effect on the stability 
of low density or B-lipoproteins in chicken or human 
serum. During the in vitro interaction of chicken low 
density lipoproteins with the hydroperoxide of methyl] 
linoleate, a gradual increase in the flotation rate was 
noted; and the area under the lipoprotein peak pro- 
gressively decreased. After 10 hours of exposure to the 
hydroperoxide of methyl linoleate, the lipoproteins 
were completely denatured (Fig. 1). However, fresh 
methyl] linoleate did not cause any noticeable change 
in the flotation pattern of low density lipoproteins. 
Human low density lipoproteins followed a pattern of 
denaturation which was similar to chicken lipoproteins, 
although the increase in the flotation rate in human 
low density lipoproteins was less pronounced than in 
chicken low density lipoproteins (Fig. 2). 

The results on the in vitro interaction of the hydro- 
peroxide of methyl] linoleate with human serum indi- 
cated that the electrophoretic mobility of B-lipopro- 
teins progressively increased during the interaction 
(Fig. 3). The concentration of B-lipoproteins which 
was represented by the area under the peak also 
decreased, and after 10 hours of interaction approxi- 
mately 95% of the B-lipoproteins were denatured. 
However, other lipoproteins (which included lipal- 
bumin, alpha-1, and alpha-2 lipophilic materials) were 
not subjected to denaturation by the hydroperoxide 
of methyl] linoleate. Although the electrophoretic mo- 
bility of the B-lipoproteins in serum which had been 
shaken with methyl linoleate for 10 hours increased, 
the degree of increase was less pronounced than for the 
8-lipoproteins in serum which had been shaken with 
the hydroperoxide of methyl linoleate; and no sig- 
nificant change in the concentration of B-lipoproteins 
was observed. Neither the concentration nor the mo- 
bility of serum proteins seemed to be affected by the 
interaction with lipohydroperoxide (Fig. 4). Therefore, 
these results appeared to indicate that the hydroper- 
oxide of methy] linoleate selectively (or preferentially) 
denatures only £-lipoproteins. 

An initial or primary association of the hydroper- 
oxide of methyl linoleate with low density lipoprotein 
molecules prior to the denaturation of the lipoproteins 
was noted. The presence of conjugated diene in the 
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Fic. 3. Progressive changes in the lipid staining pattern as 
shown on paper electrophoresis of human serum lipoproteins 
after interaction with the hydroperoxide of methyl linoleate. 
Picture 1 represents the pattern of normal lipoproteins; pic- 
tures 2, 3, 4, and 6, the lipoprotein patterns after interaction 
with the hydroperoxide of methyl linoleate for 2, 4, 6, and 
10 hours, respectively. Picture 6 represents serum shaken with 
fresh methy] linoleate for 10 hours. 


alcohol extract obtained from the lipoprotein fraction 
which had been shaken with the hydroperoxide of 
methyl! linoleate and freed of denatured lipoproteins 
and floating materials was shown by absorption in the 
region of 233 my (Fig. 5). The presence of a small 
amount of carbonyl compounds was also shown by 
absorption at 265 to 285 my. The main absorption at 
233 mp was apparently due to the association of the 
conjugated dienoic hydroperoxide of methyl linoleate 
with the low density lipoprotein molecules. 
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Fic. 4. Paper electrophoretic patterns of human serum pro- 
teins before and after interaction with the hydroperoxide of 
methyl linoleate. Picture 1 represents the protein pattern of 
normal serum; pictures 2 and 8, the protein patterns after 
shaking for 10 hours with the hydroperoxide of methy] linoleate 
and methy] linoleate, respectively. 
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Fic. 5. Spectral absorption. Curve A represents the UV absorp- 
tion spectrum of the alcohol extract of low density lipoproteins 
shaken with the hydroperoxide of methyl linoleate and freed 
of denatured lipoproteins and floating material. Curve B rep- 
resents the UV spectrum of the alcohol extract of the original 
low density lipoprotein solution. 


In order to determine the origin of lipohydroperoxide 
in vivo we have conducted a two-phase study: one 
involved the intestinal absorption of the hydroperoxide 
of methyl linoleate in lymph-cannulated rats, and the 
other the intraperitoneal absorption of the hydroper- 
oxide of methyl] linoleate in normal rats. The results 
on the first phase of this study indicated that the 
hydroperoxide of methyl linoleate inhibited lipid ab- 
sorption. The lymph obtained from rats 2 to 4 hours 
after they had been fed methyl] linoleate had a value 
(optical density multiplied by the weight of lymph) 
of 3.48 (Fig. 6, group A), indicating that rapid absorp- 
tion of methyl] linoleate had taken place. In compari- 
son, the lymph from those fed the hydroperoxide of 
methyl linoleate or methyl] linoleate 24 hours after the 
administration of the hydroperoxide of methyl] linole- 
ate had a value of 0.09 and 0.01, respectively (Fig. 6, 
groups D and E). These values indicated that less 
lipid was present in these cases than in the lymph of 
those given no supplement (Fig. 6, group C). When 
the hydroperoxide of methyl] linoleate was diluted with 
80% methyl] linoleate, the lymph contained more lipid 
than the lymph from the nonsupplemented group, or 
values of 0.61 and 0.26, respectively. 

The lipid extracted from the lymph obtained from 
rats given 20% hydroperoxide showed greater absorp- 
tion at 233 mp» than the lipid from those given the 
hydroperoxide without any dilution. These results 
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appeared to indicate that hydroperoxides inhibit lipid 
absorption. However, when diluted with fresh methyl 
linoleate, lipohydroperoxide seemed to be absorbed. 

The intraperitoneal injection of the hydroperoxide 
of methyl] linoleate into rats caused a peritonitis be- 
cause of its toxic or irritating action and resulted in 
an accumulation of ascites in the intraperitoneal cav- 
ity of the rat. A sufficient quantity of the hydroper- 
oxide to cause a change in the serum lipoprotein pat- 
tern did not seem to be absorbed from the intraperi- 
toneal cavity. The marked decrease in the serum 
albumin fraction of the blood which was taken at 6, 
12, and 24 hours after the injection of the hydroper- 
oxide of methy] linoleate as compared to the original 
serum albumin fraction did not seem to be caused by 
the direct effect of the hydroperoxide but by the 
accumulation of ascites in the intraperitoneal cavity 
of the rat (Fig. 7). These in vivo studies indicated that, 
although some lipohydroperoxides may be absorbed 
from the intestinal tract, more attention should be 
paid to the in vivo formation of lipohydroperoxides. 


DISCUSSION 


The lability of isolated low density lipoproteins has 
been widely recognized (28). When £-lipoprotein 
preparations were kept in storage for prolonged pe- 
riods of time, a series of oxidative changes has been 
observed (29). The decrease in flotation rate which 
was caused by prolonged storage was believed to be 
due to a slight increase in density. Degradative 
changes in the low density lipoproteins were also noted 
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Fic. 6. Effect of administering hydroperoxide of methyl 
linoleate on intestinal lipid absorption in lymph-cannulated 
rat. A. Methyl linoleate. B. 20% hydroperoxide of methyl 
linoleate in methyl linoleate. C. None. D. Hydroperoxide of 
methy] linoleate. E. Methyl] linoleate 24 hours after the admin- 
istration of 1 ml hydroperoxide of methyl linoleate. 
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Fic. 7. 


Paper electrophoretic patterns of rat serum proteins. A; represents the original serum pro- 


tein pattern and A:, the protein pattern of blood taken 24 hours after the intraperitoneal injection 
of 1 ml of 10% hydroperoxide of methy] linoleate in methyl palmitate. B, and Bz represent the pro- 
tein patterns before and after the intraperitoneal injection of 1 ml of 10% methyl linoleate in 
methyl palmitate. 


when the lipoproteins of the S; 5-30 class were dialyzed 
against buffered saline solutions (30, 31). Degradative 
changes have been attributed to the oxidation of lipo- 
proteins catalyzed by cupric ion. When all traces of 


cupric ion were removed from the 
lipoproteins were found to be stable 

In the present study it is shown 
separated low density lipoproteins 


environment, the 
upon dialysis. 

that centrifugally 
are stable in the 





presence of methyl linoleate, but not in the presence 
of the hydroperoxide of methyl] linoleate. As the hy- 
droperoxide of methyl linoleate contained both hy- 
drophilic and lipophilic groups, it may have diffused 
into the lipoprotein molecules. A gradual oxidative 
denaturation or degradation of low density lipoprotein 
molecules by active oxygen in the hydroperoxide may 
then have occurred. However, it is quite possible that 
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after the initial association of the hydroperoxide of 
methyl linoleate with low density lipoprotein mole- 
cules, subsequent decomposition or polymerization of 
the lipohydroperoxide in the lipohydroperoxide-lipo- 
protein complex may have then taken place with time. 
Some of these decomposition products may have facili- 
tated the denaturation of low density lipoproteins or 
may have combined more firmly with the protein 
portion of low density lipoproteins than the intact 
hydroperoxide of methy! linoleate. 


The selective or preferential denaturation of B- 
lipoproteins among serum lipoproteins by interaction 
with lipohydroperoxide is of interest, as low density 
or £-lipoproteins are known to be associated with 
atherosclerosis (32). The marked difference between 
8-lipoproteins and other lipoproteins in their resistance 
to the hydroperoxide of methyl linoleate may reflect 
(a) the amount and composition of their lipid com- 
ponents, (6) the nature of the bonds between lipids 
and proteins, or (c) their molecular structure. It has 
been reported that the lipids in low density lipopro- 
teins contain a high concentration of cholesterol esters 
and triglycerides (33, 34, 35). It may be possible that 
the active oxygen in the hydroperoxide of methyl 
linoleate which was incorporated into low density or 
8-lipoprotein molecules could be transferred into the 
unsaturated fatty acid portion of lipoproteins by a 
free-radical chain reaction and could thus facilitate the 
physical denaturation and chemical degradation of 
lipoproteins. 


The presence of low density or £-lipoproteins in the 
aorta has been confirmed by various workers (36, 37), 
and substantial amounts of the S; 10-100 lipoprotein 
fraction in the aorta have been reported as evidence 
of atherosclerosis. Although the present study indi- 
‘ates that the hydroperoxide of methyl linoleate may 
be absorbed from the intestinal tract when diluted 
with methyl linoleate, an exogeneous source of lipo- 
hydroperoxide may not contribute significantly to the 
denaturation or degradation of low density lipopro- 
teins in vivo. It may be possible that the lipoproteins 
in the arterial wall undergo oxidative denaturation or 
degradation by lipohydroperoxide which could be 
formed in vivo by the impairment of normal lipid 
metabolism, thus initiating plaque formation in the 
artery. In fact, Glavind et al. (9) observed a correla- 
tion between the degree of atherosclerosis and the 
peroxide value of the lipid extracted from the aorta, 
and it was postulated that the oxidative polymeriza- 
tion of constituents of serum lipoproteins may be the 
initiating step in atherosclerosis (38). However, in 
light of the present results, lipohydroperoxide forma- 


tion, rather than oxidative polymerization, may rep- 
resent the initiating step in atherosclerosis. It must 
be emphasized that lipohydroperoxide may not neces- 
sarily be formed in quantities which can be detected 
by chemical means. The formation of very small 
amounts of lipohydroperoxide in the intra- or inter- 
cellular lipids or lipoproteins in endothelial cells may 
not only cause oxidative denaturation or degradation 
of lipoproteins but may also inhibit various biological 
functions in the cells. Oxidative polymerization of lipo- 
proteins in the intima may proceed after the formation 
of lipohydroperoxides, depending upon the amount of 
oxygen released in that particular area or the amount 
of biological catalyst present, such as hematin com- 
pounds. 

We have previously reported that the substitution 
of heated oil for fresh oil depressed the serum choles- 
terol and £-lipoprotein levels, but the incidence of 
atherosclerosis was at least as high with fresh oil, 
indicating that the serum cholesterol and £-lipoprotein 
levels were not necessarily proportional to the degree 
of atherosclerosis (39). The aggravating effect of 
heated oil may be partially due to the degradation of 
lipoproteins by lipoperoxide which might possibly be 
formed in vivo from the oxidation products in heated 
oil. A number of vitamins, such as A, D, and E, and 
some water-soluble vitamins, are known to be de- 
stroyed by contact with heated oil (40 to 43). Thus 
the destruction of antioxidants and synergists may 
‘sause low density or 8-lipoproteins to become less 
stable toward oxidative degradation or may favor the 
in vivo formation of lipohydroperoxides. A study is 
in progress in order to clarify the in vitro and in vivo 
formation of lipohydroperoxides in relation to athero- 
sclerosis under various conditions. 
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” SUMMARY 
” Treatment of normal rats with epinephrine in oil resulted in a rapid rise in plasma free 
fatty acid (FFA) levels. The return of FFA levels to normal coincided with the steeply 
ce increasing blood glucose concentration. The plasma FFA response to epinephrine was abolished 
by hypophysectomy or by adrenalectomy. The in vitro rate of release of FFA from the 
epididymal fat bodies of operated animals was only about one-half that from fat bodies of 
la- normal animals. The in vitro rate of release of FFA from fat bodies removed 30 minutes after 
injection of epinephrine was two to three times as high as that in fat bodies taken from 
ae noninjected animals. The fat bodies taken from hypophysectomized and adrenalectomized 
39, animals showed stimulation by epinephrine, but the absolute rates of release were lower than 
* those observed in fat bodies taken from intact rats. Normal rats receiving epinephrine showed 
™ highly significant elevations of serum cholesterol and phospholipid levels but no rise in 
triglyceride levels. The cholesterol and phospholipid responses to epinephrine were also 
M. abolished by hypophysectomy and substantially reduced by adrenalectomy. Attempts to 
mimic the action of epinephrine and induce an elevation of plasma lipoprotein levels by 
ri- infusing sodium oleate intravenously were negative; the amounts which could be safely 
infused, however, may have been inadequate. It was concluded that the pituitary and adrenal 
glands play an important role in the response to the lipid-mobilizing action of epinephrine, 
both in terms of FFA and lipoprotein responses. 





L. a previous paper the dual effect of epineph- 
rine in mobilizing both free fatty acids (FFA)! and 
lipoproteins in dogs was described (1). It was shown 
that after subcutaneous injection of epinephrine in 
oil, the plasma FFA levels reached peak values in 1 
to 3 hours and returned toward normal as the blood 
glucose levels rose toward a maximum. When hyper- 
glycemia was produced by feeding glucose prior to the 


* Presented at the meetings of the Federation of American 
Societies for Experimental Biology, April 13-17, 1959, at At- 
lantic City, N. J. (Federation Proc. 18: 321, 1959). Reprint 
requests should be sent to the Section on Metabolism, National 
Heart Institute, Bethesda 14, Md. 

} Hadassah Medical Organization Research Fellow. Perma- 
nent address: Department of Biochemistry, Hebrew University- 
Hadassah Medical School, Jerusalem, Israel. 

¢ Present address: Department of Medicine, University of 
Colorado Medical Center, Denver, Colo. 

*FFA designates long-chain fatty acids not found chemically 
in covalent linkage. 


459 


injection of epinephrine or when insulin was given 
along with epinephrine, the plasma FFA levels failed 
to rise, indicating that the rate of glucose utilization 
was a key factor in controlling the FFA response. 
Blocking the FFA response in either of these two ways 
reduced the magnitude of the subsequent rise in the 
other serum lipids (cholesterol and phospholipids) but 
did not completely prevent it. These experiments did 
not establish to what extent the lipoprotein elevation 
might be dependent, directly or indirectly, upon FFA 
mobilization from adipose tissue. 

The present studies in rats were undertaken to 
explore further the mechanism of action of epinephrine 
in mobilizing lipids and to identify some of the factors 
controlling these lipid responses. Since the adrenal 
cortex has been implicated in the control of lipoprotein 
levels (2, 3), and since epinephrine has been reported 
to stimulate pituitary and adrenal function (4, 5, 6), 
the effects of adrenalectomy and of hypophysectomy 
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were investigated. Comparisons were made of the 
effect of epinephrine on the in vitro rate of release of 
FFA from adipose tissue taken from normal and 
operated animals. Finally, attempts were made to 
affect rat plasma lipoprotein levels by maintaining 
high plasma FFA concentrations by constant intra- 
venous infusion of sodium oleate. 


METHODS 


Normal, adrenalectomized, and hypophysectomized 
male rats of the Charles River strain were purchased 
from the Charles River Breeding Laboratories. A few 
studies were also done with normal and adrenalectom- 
ized Sprague-Dawley rats from the NIH colony. The 
control lipid levels and the responses observed were 
similar enough in the two groups to permit pooling of 
the data for final statistical analysis.2 The adrenalec- 
tomized rats were offered saline, but no supportive 
hormonal treatment was given to either set of operated 
animals. They were given the following purified low- 
fat diet ad lib.: 37% casein, 33% sucrose, 23% corn 
starch, 1% cod liver oil, 0.1% choline, 5% salt mixture 
(7), and vitamin supplements. The experiments with 
the hypophysectomized animals were begun between 
2 and 3 weeks after operation. The adequacy of the 
hypophysectomy was indicated by the absence of any 
weight gain measured during the week prior to the ex- 
perimental period. The adrenalectomized rats were 
studied 7 to 10 days after operation. The completeness 
of adrenalectomy was confirmed after sacrifice. The 
weight of control animals ranged from 130 to 170 g, 
while that of operated animals ranged from 100 to 
150 g. After intraperitoneal injection of sodium pento- 
barbital, blood samples were drawn into heparinized 
syringes from the aorta and transferred to tubes 
containing sodium fluoride. 

Cholesterol, phospholipids, triglycerides, FFA, and 
glucose were determined as previously described (1). 
Epinephrine in oil,3 2 mg per kg, was injected sub- 
cutaneously in the neck region. 

Tissue FFA release was studied in vitro with epi- 
didymal fat bodies removed under pentobarbital anes- 
thesia. After rinsing three times in 0.85% NaCl, they 
were incubated at 37°, and pH 7.4 in 4% bovine 
serum albumin, dissolved in 0.85% NaCl or 0.15 M 
tris (hydroxymethyl) aminomethane buffer. The FFA 


*The authors acknowledge with thanks the valuable assist- 
ance of Dr. Samuel W. Greenhouse in the statistical analysis 
of the data presented here. 

* Parke Davis & Co., Detroit, Mich. 
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increment in the medium was measured at the end of 
1 to 3 hours of incubation and expressed as peq released 
per gram wet weight of tissue per hour. 

To prepare rats for FFA infusion, the deep femoral 
vein was exposed under ether anesthesia and a soft 
vinyl catheter (0.7 mm outside diameter, 0.4 mm in- 
side diameter) was inserted and threaded up into the 
inferior vena cava. The animal was placed in a re- 
straining cage and allowed to recover from the anes- 
thesia. A solution containing 40 »eq per ml of sodium 
oleate* and 2 mg per ml of bovine serum albumin in 
physiological saline was then infused at a steady rate, 
using a Braun pump (motor-driven plunger in a cali- 
brated glass syringe). Blood samples for plasma FFA 
determination in these experiments were taken from 
the tail vein. 


RESULTS 


Epinephrine-Induced Changes in Plasma Choles- 
terol, Phospholipids, and Triglycerides. As shown in 
Table 1, two daily injections of epinephrine in oil 
caused significant elevations of plasma cholesterol and 
phospholipid levels, determined 24 hours after the last 
injection. Hematocrits measured in five control and 
five epinephrine-treated rats did not differ significantly, 
so the observed lipid elevations cannot be attributed 
to hemoconcentration. The animals were fed ad lib. 
during the study but fasted overnight prior to sam- 
pling. The increase in phospholipids (34.4%) was 
somewhat smaller than that of cholesterol (54.6%), 
so the cholesterol-phospholipid ratio after treatment 
was significantly higher. This is in accord with the 
pattern of response reported previously in dogs (1) 
where fractionation of the serum lipoproteins showed 
that the largest relative increase after epinephrine was 
in the cholesterol-rich d = 1.019 to 1.063 lipoprotein 
fraction. There was no rise in triglyceride levels, im- 
plying little change in the lower density lipoprotein 
fractions, again in accord with the results in dogs (1). 

Hypophysectomized rats showed no significant ele- 
vation in any of the serum lipid fractions after epi- 
nephrine treatment (Table 1). However, the higher 
initial levels of cholesterol and phospholipids and the 
lower levels of triglycerides in these operated animals 
should be noted. This elevation of basal lipid levels, 
possibly related to loss of thyroid function, may have 
masked any effect of epinephrine on lipoprotein me- 
tabolism. 


“Purified oleic acid, Lot No. UEF-9, was generously supplied 
by Dr. F. H. Mattson, of the Procter and Gamble Company. 
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TABLE 1. CHANGES IN RaT PLAsMA Lipips AFTER Two DAILy INJECTIONS OF EPINEPHRINE IN OIL (2 mg/kg) 




















| | 
| 
| | Plasma Lipid Levels (mg/100 ml) 
_ (Mean + Standard Deviation) 
No. of , 
Animals reatment | 
| | 
| Total Cholesterol | Free Cholesterol | Phospholipids | Triglycerides 
ee ae ee ee : —_ 
| | | | | 
Control 51.1 6.3 | 128 +24 | 933 + 99 | 4469 +17.2 
Normal 9 | | ~- aa Hemera, — 
Epinephrine OO = Be | 2E2 ee 125.4* +195 | 46.7¢ + 11.5 
= : woond = ————E_ Ee es anes Ee _eeante 
Control 98.5 + 14.9 | 322 +46 122.0 +163 | 281 +145 
Hypophysectomized | 12 |-_—_—--—— ieoanemicicend — — —— [- —————— 
| I}pinephrine LOG:67 E172 | S437 +41 IZ3B.2f 411.2 | 24¢+ 82 
= Sa Vale ees es = ; a a ee 
Control 539 + 79 170 +43 96.9 +128 | 383 +121 
Adrenalectomized 9 ~~ —_——— - _ —_|—_—_______—_— 
Epinephrine TOM pe TS 19.6 t+ + 4.3 100.0t+ 88 | 36.17 + 12.9 


| 
| 
| 
| 


* Difference from control value significant at p < 0.01 level. 
+ Difference from control value not significant. 
t Difference from control value significant at p < 0.05 level. 


In the adrenalectomized animals, epinephrine failed 
to cause any significant change in free cholesterol, 
phospholipid, or triglyceride levels (Table 1). There 
was a barely significant rise in total cholesterol, but 
the elevation was smaller than that observed in intact 
animals (30.0% as against 54.6%). The results indi- 
cate that adrenal function is required to obtain the 
full effect of epinephrine on lipoprotein mobilization. 

Epinephrine-Induced Changes in Plasma FFA, 
Blood Glucose, and in Vitro FFA Release. The time 
course of the plasma FFA and blood glucose response 
to epinephrine was obtained by sacrificing groups of 
animals at different time intervals. The variability 
encountered when comparing different animals neces- 
sitated the use of rather large numbers in each group. 
The results are summarized in the secattergrams of 
Figure 1. Curves are drawn through the mean values 
at each time point. 

In the normal animals the mean plasma FFA ele- 
vation was maximal at 15 to 45 minutes, and normal 
values were reached again after 1 hour. The response 
in rats at a dose of 2 mg epinephrine per kg is thus 
more rapid, briefer in duration, and of lesser magni- 
tude than that observed in dogs at a dose of 1 mg per 
kg (1). The increase in blood glucose level was also 
more rapid, the peak of hyperglycemia being reached 
by 1 hour. As in the dog studies, the FFA level tended 
to return toward normal when the glucose level rose 


toward its maximum, implying a possible homeostatic 
interrelationship between these two responses to 
epinephrine. 

Of particular interest was the inability of the 
adrenalectomized and hypophysectomized animals to 
react after epinephrine with the expected elevation of 
plasma FFA (Fig. 1). There was, on the other hand, 
a glucose response comparable to that in intact ani- 
mals, although it was somewhat delayed. 

The observed rise in FFA levels in normal animals 
most probably reflects an increased rate of release of 
FFA from depot fat. The apparent lack of FFA ele- 
vation in the absence of pituitary or adrenal function 
could be due to (a) a decreased effect of epinephrine 
on FFA production, either due to reduced tissue stimu- 
lation or to a reduction in avaiiable fat stores, (b) an 
increased epinephrine effect on the rate of FFA re- 
moval and utilization, or (c) a combination of the two. 
In order to test the first possibility, the epididymal 
fat bodies were taken from normal, adrenalectomized, 
and hypophysectomized rats at different time intervals 
after injection of epinephrine, and the rate of FFA 
release was measured in vitro. The results are shown 
in the lower frames of Figure 1. (Plasma FFA and 
blood glucose levels in these animals are included in 
the same figure.) Before epinephrine treatment (zero 
time values), the rate of in vitro release from adipose 
tissue taken from adrenalectomized or hypophysec- 
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Fic. 1. Time course of responses to epinephrine in oil (2 mg/kg) injected subcutaneously. Groups 
of rats were sacrificed at various time intervals and each point represents the result for an individual 
rat. Top: changes in blood glucose with time. Middle: changes in plasma FFA with time. Bottom: 
changes in rate of release of FFA from epididymal fat body removed at time of sacrifice and then 


incubated in vitro (see Methods). Left: normal 


rats. Center: hypophysectomized rats. Right: 


adrenalectomized rats. 


tomized animals was only about one-half that from 
normal rats’ adipose tissue. This suggests that rats 
deprived of pituitary or adrenal function mobilize fat 
at a lower than normal rate. 

There was an increase in the rate of in vitro FFA 
release after epinephrine in all groups, but the absolute 
rate of release in both adrenalectomized and hypophy- 
sectomized animals after stimulation was less than 
that in intact animals. In another series of experi- 
ments, when, instead of injecting the animals with 
epinephrine prior to removal of tissues, the hormone 
was added in vitro to tissues taken from adrenalec- 
tomized or hypophysectomized rats, the degree of stim- 
ulation was again less than that obtained with similarly 


treated tissues from normal rats. Thus the absence of 
a rise in plasma FFA levels appears to be due, at 
least in part, to a failure of the adipose tissue to 
respond adequately to epinephrine. Whether there is 
also a greater relative increase in rate of removal 
remains to be determined. 

The rate of FFA release from adipose tissue of 
normal rats measured in vitro at different times after 
epinephrine correlated inversely with the blood glucose 
level at the time the tissues were removed. The in vitro 
rat of FFA release showed an initial prompt rise, 
paralleling the initial rise in plasma FFA levels. Later, 
as the blood glucose rose to substantial levels, the 
release rate began to fall off and then remained low 
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during the hyperglycemic phase. Then as the blood 
glucose returned toward normal, there appeared to be 
a rebound in the rate of FFA release. 

FFA Infusion Studies. As discussed in a previous 
paper (1), there are a number of instances in which 
elevated FFA levels and elevated lipoprotein levels 
are associated. In the present studies the lipoprotein 
response and the FFA response were both abolished 
or markedly reduced by adrenalectomy or by hypo- 
physectomy, again raising the question of a cause-and- 
effect relation between the early FFA response on the 
one hand and the later lipoprotein response on the 
other. Therefore an attempt was made to simulate the 
epinephrine effect by maintaining an isolated plasma 
FFA elevation and avoiding any of the concomitant 
metabolic effects of epinephrine. To achieve this, a 
procedure for intravenous FFA infusion was elabo- 
rated, recognizing the experimental problem posed by 
the hemolytic activity of fatty acids. Satisfactory re- 
sults were obtained when the tip of the catheter was 
placed in the upper half of the inferior vena cava, 
where good mixing tended to prevent the formation 
of high local concentrations of the infused solution. 
Sodium oleate was chosen because of its solubility. 
Its hemolytic action was reduced by including a small 
amount of albumin in the solution. In most experi- 
ments relatively rapid rates of infusion were tolerated 
without gross hemolysis, as evidenced by absence of 
hemoglobinuria. As shown in Table 2, infusions at 


TABLE 2. Errect oF INTRAVENOUS INFUSION OF SODIUM 
OLEATE * ON PLASMA FFA LEVELS 


























| 
Rat Time of | Total Fatty Plasma 
Infusion | Acid Infused FFA Level 
Hrs meq peqg/ml 
1 0 0 | 0.70 
3.3 108.5 1.20 
30.4 1125.5 1.38 
2 0 0 1.20 
18.7 524 LY af 
3 0 0 0.63 
3.5 132 0.86 
20.8 756.8 0.94 
4 0 0 0.75 
19.5 935 2.84 











*40 yeq/ml physiological saline containing 2 mg bovine 
serum albumin per ml. 


rates as high as 0.5 to 1 pweq per minute could be 
maintained for up to 30 hours. Significant elevations 
of plasma FFA were achieved for prolonged periods 
of time in all cases, but there were no significant 
changes in plasma cholesterol, phospholipids, or tri- 
glycerides. 


DISCUSSION 


The present studies show that rats respond to epi- 
nephrine in oil with a prompt but transient elevation 
of plasma FFA levels. The return of FFA levels 
toward normal coincides in time with the rise of glu- 
cose levels toward a maximum. This correlation is in 
agreement with the results of similar studies in dogs 
(1) and leads to the suggestion that the epinephrine- 
induced hyperglycemia directly or indirectly limits the 
FFA response to the hormone. Gordon and Cherkes 
(8) have demonstrated a direct suppressive effect of 
glucose on FFA release in vitro. 

Increased glucose mobilization does not appear to 
be the first mechanism by which the organism meets 
demands for oxidizable substrate during sympathetic 
discharge, usually a prominent feature associated with 
stress reactions. The time relations observed in the 
present studies with rats and in the previous studies 
with dogs (1, 9) indicate that actually the earliest 
response is an increased mobilization of fat in the form 
of FFA. Therefore the adipose tissue fat, sometimes 
considered to be a relatively nonlabile store of sub- 
strate, appears under emergency conditions to be more 
rapidly available as a source of calories than carbo- 
hydrate. 

The characteristic FFA response to epinephrine was 
abolished by either adrenalectomy or hypophysectomy. 
In the hypophysectomized animals, 2 to 3 weeks 
elapsed between the time of operation and the initia- 
tion of the experiment, and most probably at that time 
there remained very little adrenocortical function in 
these animals. The results in the hypophysectomized 
animals may therefore be attributable exclusively to 
secondary adrenocortical insufficiency. This interpre- 
tation is supported by previous studies in dogs (9), 
showing that cortisone restores the responsiveness in 
both adrenalectomized and hypophysectomized ani- 
mals. On the other hand, Goodman and Knobil (10) 
report that hypophysectomized monkeys, unable to 
respond to epinephrine with a rise in FFA, recover 
their responsiveness when treated with thyroid-stimu- 
lating hormone. Furthermore, Engel et al. (11) report 
that growth hormone can elevate plasma FFA levels 
in hypophysectomized rats, and studies in this labora- 
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tory demonstrate a similar action of growth hormone 
in dogs.» Thus the possibility that loss of other pitui- 
tary factors involved in lipid mobilization may play 
some role cannot be ruled out. 

The lipoprotein responses to epinephrine in the 
operated animals were also either completely abol- 
ished (hypophysectomy) or very substantially reduced 
(adrenalectomy). We have previously reported sim- 
ilar results in dogs (9), and in those studies demon- 
strated that administration of cortisone restored the 
lipoprotein response to epinephrine both in adrenal- 
ectomized and hypophysectomized animals. Normal 
adrenocortical function appears to be essential, there- 
fore, for both responses to epinephrine, that is, eleva- 
tion of FFA levels and of lipoprotein levels. As men- 
tioned above, the possible importance of pituitary 
factors other than adrenocorticotropin cannot be de- 
cided. The fact that adrenalectomized animals did 
show some elevation of cholesterol ester levels may 
indicate that pituitary factors are in fact operative. 

The absolute in vitro rate of release of FFA from 
the epididymal fat body prior to epinephrine injection 
was lower in hypophysectomized and adrenalectomized 
rats than in intact rats. Furthermore, the peak rate 
of release attained after epinephrine injection was 
lower in fat bodies taken from the operated animals. 
Similar results have been obtained in adrenalectomized 
rats by Reshef and Shapiro (12), using adipose tissue 
of the mesentery. This decreased sensitivity to epi- 
nephrine may well be enough to account for the ab- 
sence of any rise in plasma FFA levels in these animals 
after the hormone was given. On the other hand, the 
relatively smaller than normal amount of careass fat 
in the operated animals (13), by limiting the total 
amount of substrate available for mobilization, may be 
a contributing factor. This defeet in lipid mobilization 
from adipose tissue may clarify a number of earlier 
observations on the inability of hypophysectomized 
and adrenalectomized animals to respond to conditions 
that lead to extensive shifts of body lipid in normal 
animals (14 to 17). It would also provide an explana- 
tion for the tendency of hypophysectomized animals to 
show a higher respiratory quotient than normal ani- 
mals during extended fasting (18). 

It should be noted that the plasma FFA levels of 
the operated rats were similar to those of the intact 
rats despite the apparently lower rate of FFA release 
indicated by the in vitro studies. This suggests a de- 
crease in the rate of utilization of plasma FFA in the 
absence of pituitary or adrenal function, or both. 


°K. Shafrir and D. Steinberg, unpublished experiments. 
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Adrenalectomy and hypophysectomy abolished or 
drastically reduced both the FFA and the lipoprotein 
elevation after epinephrine, raising the questions 
whether the two responses are causally related, 
whether they both stem from a single primary action 
of epinephrine, or whether they represent two inde- 
pendent actions of the hormone. Since the FFA mobil- 
ization after epinephrine precedes the lipoprotein re- 
sponse, the possibility must be considered that the 
lipoprotein elevation is induced by the transfer of 
significant amounts of FFA from adipose tissue to the 
liver. Earlier investigations have shown that such 
lipid transfer does indeed occur during epinephrine 
treatment in rats (17). Recent studies in dogs by 
Feigelson et al. (19) show that continuous intravenous 
infusion of epinephrine or norepinephrine leads to 
striking increases in the triglyceride content of the 
liver. These triglyceride fatty acids might provide sub- 
strate to support or stimulate an increased rate of 
lipoprotein synthesis. Failure to elicit hyperlipopro- 
teinemia in rats in the present studies by direct in- 
fusion of sodium oleate does not rule out this possi- 
bility. The total amounts of FFA infused, even at the 
maximum rate that could be maintained without un- 
toward effects, probably fell short of the amount of 
FFA delivered to the circulation from the total body 
fat stores in a much shorter period after stimulation 
with epinephrine. Moreover, the infusion of exogenous 
FFA appears to reduce normal endogenous FFA pro- 
duction,® so that the amount of FFA entering the 
circulation and being deposited in the liver in these 
studies may be insufficient to initiate increased lipo- 
protein formation. Finally, there is the possibility 
that toxicity of the fatty acid infused at high concen- 
tration may have masked an effect on lipoprotein 
mobilization. Better techniques for FFA administra- 
tion will be helpful in elucidating the problem of 
their role as precursors in the synthesis of the lipid 
moiety of lipoproteins. 
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SUMMARY 


Epididymal adipose tissue from epinephrine-treated rats release more fatty acids into the 
medium during in vitro incubation than do tissues from untreated rats. The effect of 
epinephrine was abolished when an adrenergic blocking agent was administered to the animals 
before epinephrine was injected. Experiments in vitro showed that increased release of free 
fatty acids from adipose tissue due to addition of ACTH, epinephrine, and norepinephrine was 
inhibited by addition of an adrenergic blocking agent to the medium. The results suggest 
that mobilization of fatty acids from fat depots is at least partly under the control of 


vasomotor nerves. 


The literature implicating the nervous system 
in the regulation of fat metabolism prior to 1948 has 
been reviewed by Wertheimer and Shapiro (1). Recent 
evidence indicates that fatty acids are transported in 
plasma from adipose tissue to liver, heart, and other 
peripheral tissues as free fatty acids (FFA) bound 
to plasma albumin (2). Epinephrine (3, 4, 5) and 
norepinephrine (6, 7, 8) cause the release of FFA from 
adipose tissue and increase the plasma concentration 
of these acids. Further, treatment of the animals with 
adrenergic blocking agents prevented the increase in 
plasma FFA induced by epinephrine administration 
(7,9). 

Pharmacological evidence would suggest that the 
mode of action of the adrenergic blocking agent is to 
prevent the effect of epinephrine and norepinephrine at 
the peripheral receptor, but direct evidence is lacking. 
This study is concerned with two points. The first is to 
determine whether the prevention by adrenergic block- 
ing agents of the increased FFA in plasma following 
epinephrine in vivo is due to depression of the release 
of FFA from adipose tissue. The experiments designed 
to confirm this point consisted of studying the release 
of FFA from excised adipose tissue of animals previ- 


*This work was reported at the Federation of American 
Societies for Experimental Biology (Federation Proc. 18: 139, 
1959). The investigation was supported by Grant H-96 from 
the National Heart Institute, National Institutes of Health. 

+ Present address: Radioisotopes Service, Veterans Admin- 
istration Center, Los Angeles 25, Calif. 
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ously treated with epinephrine and blocking agents. 
The second point is whether the action of adrenergic 
blocking agents is exerted in vitro on adipose tissue. 
This was investigated by addition of the blocking 
agent to the medium containing adipose tissue and 
epinephrine. 


METHODS 


Male albino rats (Sprague-Dawley strain), 180 to 
220 gm, previously fasted for 16 hours were used. 
Epinephrine,! 2 mg per kg, was injected subcutane- 
ously and the animals killed by decapitation 15 min- 
utes later. The adrenergic blocking agents were ad- 
ministered under light ether anesthesia 30 minutes 
prior to the time of death. Phentolamine, 15 mg per 
kg, was injected into the tail vein and simultaneously 
at the same dose subcutaneously ; NDC, 40 mg per kg, 
or phenoxybenzamine, 8 mg per kg, was injected intra- 
venously. 


1 Abbreviations and trade names used are: epinephrine, 
Adrenalin® Chloride, Parke, Davis & Co., Detroit, Mich.; 
phentolamine, Regitine methanesulfonate, Ciba Pharmaceuti- 
cal Products, Inc., Summit, N. J.; N,N-dibenzy]-beta-chloro- 
ethylamine (NDC), dibenamine hydrochloride, Smith, Kline 
and French Laboratories, Philadelphia, Pa.; phenoxybenza- 
mine, Dibenzyline hydrochloride, Smith, Kline and French 
Laboratories, Chicago, Ill.; ACTH, ACTHAR, Armour Labs, 
Chicago, Ill.; norepinephrine, Levophed bitartrate, Winthrop- 
Stearns, New York, N.Y. 
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The epididymal fat tissue was removed, weighed, 
and incubated for 3 hours at 36° in 4 ml of Krebs- 
Ringer phosphate medium containing 5% bovine al- 
bumin? adjusted to pH 7.4. Additions to the incubation 
media of ACTH, epinephrine, norepinephrine, and 
phentolamine were made by diluting these compounds 
in Krebs-Ringer phosphate buffer (pH 7.4). An equal 
volume of Krebs-Ringer phosphate buffer was added 
to the incubation medium of the control flasks. The 
FFA were determined on aliquots of the medium be- 
fore and after incubation (10). 


RESULTS 


Excised adipose tissue from the group of rats given 
epinephrine exhibited a 100% increase in the release 
of FFA into the medium in comparison to adipose 
tissue of untreated controls in three experiments 
(Table 1). In the group of animals which received 
both phentolamine and epinephrine (Table 1, Exp. I), 


TABLE 1. Errect oF ADRENERGIC BLOCKING AGENTS ON 
FREE Fatty Acips RELEASED FROM ADIPOSE TISSUE 
OF Rats TREATED WITH EPINEPHRINE 














No. 
Exp. Treatment | Ani- FFA * Pt 
mals 
I None 5 6.34 + 0.99 
Epinephrine 6 14.59 + 0.25 | <0.001 
Phentolamine 6 3.21 + 0.39 | <0.05 
Phentolamine + epinephrine 6 8.34 + 1.45 | N.S. 
II None 5 6.78 + 0.80 
Epinephrine 5 13.39 + 1.09 | <0.005 
NDC 4 3.02 +0.61 | <0.01 
NDC + epinephrine 4 3.67 + 0.86 | <0.05 
III | None 6 7.20 + 0.52 
Epinephrine 6 14.10 + 1.07 | <0.001 
Phenoxybenzamine 6 6.41 + 0.98 | N.S. 
Phenoxybenzamine + epinephrine 6 7.71 +1.20 | N.S. 

















* FFA released, umoles/g of adipose tissue in 3 hours, mean + 
standard error. 

¢ Statistical significance of data determined by comparing 
mean values for experimental group with mean value of corre- 
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sponding control group, in “‘student’s”’ t-test. 


release of FFA was decreased compared to the group 
which received epinephrine alone, but increased 100% 
in comparison to the group receiving phentolamine 
alone. Treatment of the animals with NDC (Table 1, 
Exp. II) or phenoxybenzamine (Table 1, Exp. III) 
completely inhibited the release of FFA normally 


? Bovine albumin, Fraction V, Nutritional Biochemical Corp., 
Cleveland, Ohio. 


FREE FATTY ACIDS FROM ADIPOSE TISSUE 467 


elicited by epinephrine. In the animals treated with 
phentolamine alone (Table 1, Exp. I), or NDC alone 
(Table 1, Exp. II), release of FFA from adipose tissue 
was significantly lower than the corresponding con- 
trols. No significant difference was observed in the 
animals treated with phenoxybenzamine alone (Table 
1, Exp. III) and corresponding untreated controls. 
The results obtained in vitro with phentolamine 
alone show that its addition to the incubation medium 
in concentrations of 10-°M and 5 & 10*M did not 
alter the FFA released from adipose tissue (Table 2, 
Exp. I). Addition of ACTH, epinephrine, or norepi- 
nephrine singly markedly increased the release of FFA 
in comparison to the controls (Table 2). When phento- 


TABLE 2. Errect oF PHENTOLAMINE in Vitro ON 
FREE Fatty Acips RELEASED BY ADIPOSE TISSUE 








| 
No. 
| 





Exp. Additions Ani- FFA * rs 
mals 
| Racca 
I None | 6 9.27 + 0.60 
Phentolamine 10-3M 6 9.41 +0.98 | N.S. 
Phentolamine 5 X 10-4M 5 | 9.21+0.87 | N.S. 
ACTH 25 M units 6 44.40 + 3.22 | <0.001 
ACTH + phentolamine 10-3M | 4 | 13.2241.43 | <0.05 


ACTH + phentolamine 5 X10-*M_ | 6 22.77 + 1.84 | <0.001 





II | None 
Norepinephrine 3 X 10-7M 
Norepinephrine + phentolamine 
5 X 10-4M 
Norepinephrine + phentolamine 
1X10-*M | 6 


6 8.43 + 1.04 
6 26.26 + 2.10 | <0.001 


6 9.48 + 0.81 | N.S. 





13.34 + 1.06 | <0.01 


| —+- -—— 





es 
III t | None | 6 | 2.27 +0.22 | 
Epinephrine 3 X 10-7M 6 | 27.75 44.27 | <0.001 
Epinephrine + phentolamine | 
5 X 10-4*M 6 
Epinephrine + phentolamine | 
1 X10°3M 6 


| 








11.40 + 1.75 | <0.001 








| 3.45 + 0.46 | <0.05 





Conditions: ACTH, epinephrine, norepinephrine, and phen- 
tolamine were added at the start of the incubation in 0.1 ml to 
give a final concentration in the flask indicated above. All flasks 
were brought to a final volume of 4.2 ml by addition of Krebs- 
Ringer phosphate buffer. 

* FFA released, wmoles/g of adipose tissue in 3 hours, mean + 
standard error. 

¢ Statistical significance of data determined by comparing 
mean values for experimental group with mean value of corre- 
sponding control group, in ‘‘student’s’’ t-test. 

t All animals given nembutal anesthesia before sacrifice. 


lamine was present with these hormones in the incu- 
bation medium, the release of FFA was partially, or 
completely, inhibited compared to the effect of the 
hormones alone. The low value for the control ob- 
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served in experiment III compared to that observed 
in experiments I and II may be due to the Nembutal 
these animals received prior to death. In all other 
experiments no anesthesia was given before sacrificing 
the animals. 


DISCUSSION 


The suggestion that the sympathetic nervous system 
plays a regulatory role in FFA metabolism is based 
on the observations that administration of epinephrine 
or norepinephrine increases the plasma FFA (6, 7), 
that their addition in physiological concentrations in 
vitro stimulates release of fatty acids from adipose 
tissue (5, 8), that administration of ganglion blocking 
agents decreases the plasma FFA (7), and that injec- 
tion of adrenergic blocking agents inhibits the increase 
in plasma FFA produced by epinephrine or norepi- 
nephrine administration (7, 9). Goodman and Knobil 
(9) made the interesting observation that administra- 
tion of adrenergic blocking agents did not prevent the 
rise in plasma FFA in starvation. This highlights the 
complexity of the mechanism involved in the regula- 
tion of the release of FFA from adipose tissue. 

An indirect indication of the involvement of the 
autonomic nervous system is furnished by the obser- 
vations that marked elevation of the plasma FFA was 
found in human subjects during acute emotional 
arousal (11, 12). This effect was inhibited by tri- 
methaphan camphor sulfonate (Arfonad®), a rapidly 
metabolized ganglion blocking agent. Recently, ortho- 
static hypotension (60° upright tilt) was used to pro- 
duce “stress” as a means of elevating plasma FFA 
in fasting persons (13). The response was present in 
a patient who had both adrenal glands removed but 
was greatly diminished in a patient with primary 
autonomic insufficiency. Administration of phento- 
lamine diminished the response to tilt. In contrast, 
other workers (7, 14) found no elevation of plasma 
FFA in dogs treated with epinephrine following adre- 
nalectomy or hypophysectomy. Since treatment with 
cortisone restored the response, they concluded that 
the adrenal cortex was essential for the response. 

Our results show that following epinephrine injec- 
tion, the subsequent release of FFA from excised 
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adipose tissue did not occur if the animals were also 
previously injected with an adrenergic blocking agent. 
Also, addition of phentolamine in vitro inhibits the 
release of FFA from adipose tissue induced by epi- 
nephrine added to the incubation medium. Thus the 
effectiveness of the adrenergic blocking agents follow- 
ing epinephrine administration is due to inhibition of 
the release of FFA from adipose tissue. This conclusion 
is further supported by the work of Havel and Gold- 
fien’s (7) in vitro experiments with dogs. 

It is of interest that phentolamine in vitro inhibited 
the release of FFA from adipose tissue due to epineph- 
rine, norepinephrine, and ACTH. One interpretation 
is that epinephrine, norepinephrine, and ACTH. act 
through a common receptor site. When phentolamine is 
present in the medium, it combines with this receptor 
and prevents the action of these hormones. A second 
interpretation is that these hormones act through dif- 
ferent receptor sites, all of which are blocked by 
phentolamine. 
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SUMMARY 


Feeding of bile acid binding polymeric organic bases inhibited cholesterol rise and aortic 
plaque formation in cholesterol-fed cockerels, lowered plasma cholesterol concentrations in 
normocholesterolemic cockerels and dogs, and increased fecal bile acid and sterol output in 
a dog. In experiments lasting as long as one year these substances have not produced visible 
toxic effects. They are thought to act by binding the bile acids in the intestinal tract. 


_— et al. (1) have shown that the plasma 
cholesterol rise in cholesterol-fed cockerels can be in- 
hibited by the feeding of ferrie chloride, and have 
associated this effeet with precipitation of the bile 
acids in the intestinal tract. They have suggested that 
the binding of bile acids might serve as a means of 
controlling arteriosclerosis. 

Substances that bind bile acids, such as iron salts 
or various of the alkaloids, generally have toxic or 
pharmacological properties which preclude their use 
as blood cholesterol lowering agents. We report here 
studies of the blood cholesterol lowering action of two 
bile acid binding polymeric organie bases in choles- 
terol-fed cockerels and in normocholesterolemic cock- 
erels and dogs. These have molecular 
weight so high that they cannot be absorbed. In ex- 
periments lasting as long as one year they have 
produced no evident toxie effects. 


substances 


MATERIALS AND METHODS 


MK-325 is a water-soluble polymer having quater- 
hary amino groups attached to a polyacrylic skeleton 
by ester linkages. Its equivalent weight is about 325, 
and its molecular weight is about two million. The 
stock material was a clear, viscous 12.5% aqueous 
solution. MK-135 is a quaternary ammonium anion 
exchange resin in which the basie groups are attached 
to a styrene-divinyl benzene copolymer skeleton by 


carbon-to-carbon bonds. Its equivalent weight is 
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about 230. It is a lyvophylie solid and, as used, con- 
tained 
noted, 


otherwise 
the 


about 75% where 
both of 


chloride salts. 


water. Except 
these materials were given as 

Analyses were conducted with plasma, prepared by 
mixing 2.0 ml of whole blood with 0.35 ml of ACD 
solution (22.0 ¢ trisodium citrate dihydrate, 8.0 ¢ 
citric acid monohydrate, and 22.0 g dextrose per liter). 
Cholesterol was determined by the procedure of Abell 
et al. (2); and lipid phosphorus by King’s procedure 
(3) after precipitation with trichloroacetic acid, as 
recommended by Zilversmit and Davis (4). Reported 
plasma lipid concentrations should be multiplied by 
1.3 to approximate values in serum. 


RESULTS 


Demonstration of Binding Action. The ability of the 
polymeric bases to bind bile acids is shown in the two 
following experiments. 

A solution containing 100 mg of echolie acid, as 
sodium cholate, in 40 ml of 15% aleohol was acidified 
with sulfurie acid until acid to Congo red, and ex- 
tracted twice with 20 ml portions of chloroform. The 
solvent extracts were combined and evaporated to dry- 
ness. The residue was dissolved in aqueous aleohol and 
titrated with .05 N sodium hydroxide. Similar extraec- 
tions were performed with solutions to which MK-325 
had been added in various amounts between 5 and 
200 mg. In the presence of 0, 5, or 10 mg of MK-325, 
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recovery of cholate in the extract was 98% or better; 
with 20 mg, it was 91.5%; with 50 mg, 81.5%; with 
100 mg, 60.5% ; with 200 mg, 54.5%. 

A 1 g sample of MK-135 was stirred with 100 ml 
of 1% sodium cholate solution for 1 hour. An aliquot 
of the supernatant was then removed and analyzed 
for cholic acid by the procedure of Mosbach et al. (5). 
It was found that 91.4% of the cholate had been re- 
moved from solution by this procedure. 

Short Tests in Cockerels. The polymeric bases were 
first tested for action on blood cholesterol in 4-day 
experiments with cholesterol-fed White Leghorn cock- 
erels. Balanced groups of 10 birds, 9 or 11 weeks’ old, 
previously fed basal ration (6), were given a diet 
containing 2% cholesterol and 5% cottonseed oil, 
starting on Monday mornings. Treated birds were in 
addition given polymeric bases as 1% (dry weight) of 
the diet. On the following Friday mornings blood was 
drawn for analysis. In tests of this kind plasma 
cholesterol concentrations normally increase from 
about 70 mg/100 ml on Monday to about 250 mg/100 
ml on Friday. The feeding of polymeric bases inhibited 
this rise. In four experiments the average plasma cho- 
lesterol concentration on Friday of eight control groups 
was 281 mg/100 ml, and of 4 MK-325-fed groups, 156 
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mg/100 ml. In another set of four experiments the 
average for eight control groups was 236 mg/100 ml, 
and for 4 MK-135-fed groups, 104 mg/100 ml. For 
each set the observed differences were statistically 
significant at the 0.001 level. 

The effect of polymer feeding was tested in 4-day 
experiments with normocholesterolemic cockerels fed 
basal ration containing no added cholesterol. In two 
such tests the average plasma cholesterol on Friday of 
four control groups, each containing 10 birds, was 73 
mg/100 ml; and of two groups fed MK-325 as 1% of 
the diet, 58 mg/100 ml. In five tests, the average 
plasma cholesterol of 11 control groups was 72 mg/100 
ml; and of five groups fed MK-135 as 1% of the diet, 
57 mg/100 ml. For each set of experiments the observed 
differences were statistically significant at the 0.001 
level. 

Longer Tests in Cockerels. The influence of polymer 
feeding on aortic plaque formation was studied in 
experiments of 7 or 8 weeks’ duration. Birds were set 
out when 8 or 9 weeks’ old, and fed ration containing 
cholesterol and cottonseed oil until they were 16 weeks’ 
old. Treated birds were also given 1% (dry weight) of 
polymeric base in the diet. At the end, blood was 
drawn, the birds were sacrificed, and their aortas 


TABLE 1. AvERAGE PLASMA Lipip CONCENTRATIONS AND AORTA SCORES OF COCKERELS GIVEN 
MK-325 or MK-135 as 1% oF THE D1IET IN EXPERIMENTS OF SEVEN OR EIGHT WEEKS’ DURATION 

















oo No. of Total Lipid C/PL * Aorta Incidence of Weight 
res Birds Cholesterol Phosphorus : Score Atheromatosis Gain 
ae ae See Se Saeee eee _| a a a 
| | | | | | 
| | | 
| mg/100 ml mg/100 ml | 9 
Experiment I. Cholesterol Feeding, 7 Weeks 

Control 20s 489 | 8.79 | 210 | 1.75 | 18/20 | $72 
MK-325 | 10 370 693 | 199 | 11 | 6/10 841 
pt 0.2 0.09 | 0.7 0.09 | 0.15 1 

Experiment II. Cholesterol Feeding, 8 Weeks 

Control 29 | 439 882 | 2.02 16 | 25/29 | 927 
MK-325 | 10 247 5.46 BS ef 0.3 3/10 998 
MK-135 | 20 215 5.23 | 1.62 05 | 7/20 979 
p | <001 | <001 | <1 <.001 <.001 | 12 

Experiment III. Basal Diet, 7 Weeks 

Control | 20 68.7 | 4.29 64 | | 807 
MK-325 | 10 53.8 3.85 57 789 
p 0.001 | 0.12 0.012 | | } 1 

| | | } | 





* Cholesterol /phospholipid ratio. 


+ p values in each set calculated for treated animals vs. controls. 
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were removed and graded for degree of atheromatosis 
by a seale of 0 to 4 (6). The results are presented in 
Table 1, experiments I and II. The polymer-fed birds 
had lower incidence and severity of atheromatosis, 
lower plasma concentrations of cholesterol and lipid 
phosphorus, and lower cholesterol-to-phospholipid 
ratios than their controls. Weight gain was not im- 
paired. Plasma cholesterol was also determined ap- 
proximately every two weeks in experiment I. In the 
treated birds the average was 55% to 56% of average 
control for the first 4 weeks, and 71% at 6 weeks. 

A similar experiment, of 7 weeks’ duration, was 
conducted with normocholesterolemie birds fed basal 
diet with no added cholesterol. As shown in experiment 
III in Table 1, resin feeding lowered plasma cholesterol 
and lipid phosphorus concentrations, reduced choles- 
terol-to-phospholipid ratios, but did not impair weight 
gain. Here again plasma cholesterol levels were de- 
termined approximately every 2 weeks during the test. 
They varied between 74% and 82% of control values. 

The influence of the size of the dose of the polymers 
on their effect on plasma cholesterol concentration was 
studied in a series of 4-day tests in both cholesterol- 
fed and normocholesterolemic cockerels. The effect on 
plasma cholesterol was a function of the amount of 
polymer fed (Table 2). A concentration of 0.125% in 
the diet was not large enough to have significant effect. 


TABLE 2. AVERAGE PLASMA CHOLESTEROL CONCENTRATIONS 
or COCKERELS FED GRADED AMOUNTS OF 
MK-325 ok MK-135 1N SHORT TEsTs 


Per Cent Polymer in Diet 
0 125 25 m5) 1 


Treatment 


Plasma Cholesterol, mg /100 ml 
Cholesterol-Fed Birds * 


MK-325 275 243 209 219 144 

MK-135 262 242 213 161 120 
Normocholesterolemic Birds + 

MK-325 73 re 69 57 54 

MK-135 | %76 75 66 67 60 


* Each figure the average for 40 controls or 20 treated birds. 
+ Each figure the average for 20 controls or 10 treated birds. 


MK-135 was prepared as the glycocholate and tauro- 
cholate salts. These were fed as 1% of the diet to 
cholesterol-fed cockerels in 4-day tests. Average 
plasma cholesterol of 20 control birds was 225 mg/100 
ml; of 10 birds fed MK-135 glycocholate, 315 mg/100 
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Fic. 1. Plasma cholesterol concentrations of dogs dosed with 
bile acid binding polymers. 


ml; and of 10 birds fed MK-135 taurocholate, 271 mg/ 
100 ml. Thus these forms of the resin did not inhibit 
cholesterol rise. Resin fed as the stearate salt, however, 
was effective. Average plasma cholesterol of 30 con- 
trols was 225 mg/100 ml; of 10 birds fed MK-135 
stearate, 83 mg/100 ml; of 10 birds fed MK-135 
chloride, 93 mg/100 ml; and of 10 birds fed stearic 
acid, 227 mg/100 ml. 

Normocholesterolemic Dogs. The polymers were fed 
for periods of 7 weeks to 1 year to four male beagles 
maintained on a meat-and-meal diet. The effect on 
plasma cholesterol and on body weight is shown in 
Figure 1. The initial plan with the first dog fed 
MK-325, No. 1660, was to start with a moderate 
dose and double it each day until signs of toxicity 
appeared. Twenty-five ml of 12.5% solution added 
to the diet on the first day, and 50 ml on the second 
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day were accepted by the dog, but 100 ml on the 
third day were not retained. A dose of 75 ml (9.4 g 
dry weight) was successfully maintained thereafter in 
this dog for 43 days. Dog 1641 was similarly dosed 
for 1 year. Dog 1661 was given 75 ml per day for 7 
days; dosing was then discontinued for 12 days, and 
resumed for 373 days. Dog 1489 consumed approxi- 
mately 75 g of MK-135 per day, mixed with the diet, 
for 113 days. 

All dogs behaved normally and were free from toxic 
effects during the test periods. They varied in weight 
from time to time, but the changes were neither con- 
sistent nor notable. Hematologic examinations, and 
blood and urine analyses, were made before, at inter- 
vals during, and at the end of the tests. Oxalated 
plasma was analyzed for urea nitrogen, glucose, and 
fibrinogen. Serum was analyzed for protein, albumin, 
globulin, A/G ratio, inorganic phosphorus, and alka- 
line phosphatase. Tests and measurements in urine 
were for volume, pH, specific gravity, blood, sugar, 
protein, and creatinine. No deviations from the normal 
range for dogs were observed in any of these. 

Whole blood clotting time and prothrombin time of 
dogs 1641 and 1661 were determined after they had 
been on test for 36 and 40 weeks respectively. The 
results did not depart from expected control values, 
or from values simultaneously determined in two con- 
trol dogs. The dogs were then given orally 1 mg per kg 
per day of Dicumarol (7), for 2 days. This increased 
both whole blood clotting time and prothrombin time. 
Xecovery from this treatment was as rapid in the MK- 
325 dosed dogs as in the controls, and thus ploymer 
feeding had neither decreased stores of vitamin K nor 
impaired its absorption. 

Each of the four polymer-fed dogs was sacrificed 
and autopsied at the end of his period of dosing. The 
following tissues were then examined microscopically : 
various parts of the gastrointestinal tract, pancreas, 
liver, omentum, gall bladder, spleen, adrenal, kidney, 
urinary bladder, testes, epididymis, seminal vesicles, 
prostate, lymph nodes, brain, pituitary, lung, trachea, 
heart, aorta, thyroid, parotid gland, bone marrow, and 
striated muscle. There were no pathologie changes 
attributable to the polymeric bases. 

When dogs 1641 and 1661 were sacrificed, samples 
of liver, heart, kidney, adrenal, brain, muscle, and 
pancreas were digested with KOH and analyzed for 
cholesterol by the procedure of Abell et al. (2). Com- 
parison of the results with those from a simultaneous 
control showed that polymer feeding had not depleted 
cholesterol concentrations in these tissues. 

The influence of MK-135 feeding on feeal bile acid 
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and sterol output was studied in an 11 kg male beagle 
(No. 1987). This dog was fed a meat-and-meal diet, 
the average daily portion of which was determined to 
contain about 340 mg of cholesterol. Control fecal 
collections and plasma cholesterol analyses were made 
at weekly intervals for 3 weeks. MK-135 was then 
added to the diet at 25 g, dry weight, per day. Feces 
were collected and blood was drawn for analysis daily 
during the feeding period. The feces were extracted 
with aleoholic ammonium carbonate solution to obtain 
the sterols and the bile acids, both free and resin 
bound. Sterols were determined by the Liebermann- 
Burehard reaction after hydrolysis with alkali and 
extraction into petroleum ether. The bile acids were 
separated from interfering substances by an ion-ex- 
change procedure which will be reported separately. 
Deoxycholie acid was determined by heating with sul- 
furic acid (5), and cholie acid, by heating with fur- 
fural (8). Average fecal bile acid output was increased 
by resin feeding from 231 mg per day to 609 mg per 
day, or 2.6-fold (Table 3). Average Liebermann- 


TABLE 3. PLAsMA CHOLESTEROL CONCENTRATIONS AND 
FreEcAL STEROL AND BILE Acip OvutTPpuT OF A DoG 
Dosep witH MK-135, 25 g/Day 


Day Plasma Cholesterol Fecal Bile Acid | Feeal Sterol 
mg /100 ml mq mg 
Control 95 317 285 
Control 91 259 301 
Control 92 118 | 116 
1 82 949 371 
2 80 184 | 106 
x 4 75 103, 405 
4 67 838 555 
5 No feces No feces 
6 634 | 515 
rf 64 331 278 
8 67 922 494 


Burchard positive sterol output was increased from 
234 mg per day to 432 mg per day, or 1.8-fold. Average 
plasma cholesterol concentration during the control 
period was 93 mg/100 ml, and during the period of 
resin feeding, 73 mg/100 ml. 


DISCUSSION 


It is apparent that feeding of MK-325 and MK-135 
to cholesterol-fed cockerels suppressed a rise in plasma 
cholesterol and lipid phosphorus concentrations and 
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inhibited aortic plaque formation. In normocholes- 
terolemic cockerels and dogs it lowered plasma choles- 
terol concentrations. The magnitude of the effect in 
cockerels was related to the amount of the materials 
fed. 

The results suggest that the effect of these polymeric 
bases on plasma cholesterol concentration is due to 
bile acid binding in the intestinal tract. Both polymers 
bind bile acid in vitro. Both have very high molecular 
weights and thus cannot be absorbed from the intes- 
tine. MK-325 contains ester linkages, and is possibly 
hydrolyzed to some extent in the intestine, but MK- 
135 contains no hydrolyzable bonds, and, in addition, 
is a solid. Thus their effect must be exerted in the 
intestinal lumen. The feeding of MK-135 increased 
the bile acid output in the feces of a dog. When MK- 
135 was fed to cholesterol-fed cockerels as the glyco- 
cholate or taurocholate salts (forms unable to take up 
further bile acids), no cholesterol lowering occurred; 
but feeding of the stearate salt was fully effective. 

No toxic effect, either local or systemic, from the 
feeding of these materials for as long as a year was 
detected. Treated animals were alert and free from 
toxic signs. Cholesterol distribution in tissues was not 
greatly influenced. 

No injurious interference with fat absorption was 
apparent. Animals dosed here with the polymeric bases 
gained or maintained weight normally, produced nor- 
mal stools, and had the expected amount and distribu- 
tion of fatty tissue at autopsy. Dogs 1641 and 1661, 
after daily dosing with MK-325 for 9 months, had 
normal prothrombin times, and responded normally 
to dosage with Dicumarol. Thus vitamin K_ storage 
and absorption were unimpaired. 

Siperstein et al. (1) suggested that the cholesterol 
lowering effect of bile acid binding is due to impaired 
cholesterol absorption. The results here suggest that 
it may also be due to increased cholesterol oxidation, 
brought about by continued removal of bile acids 
(9 to 16), which are the oxidation products, from the 
enterohepatie cycle (17 to 20). In dog 1987 this in- 
creased oxidation yielded, on the average, an extra 
387 mg of fecal bile acids per day during the period of 
MK-135 dosing. 

It is not unexpected that bile acid binding agents 
should lower blood cholesterol in cholesterol-fed ani- 
mals. Hepatie cholesterol synthesis in these should be 
very slow (21, 22). In animals on basal diet, however, 
hepatie synthesis should be active, and might be ex- 
pected to counteract the cholesterol lowering effect. 
The fact that cholesterol lowering occurred when the 
polymers were fed to normocholesterolemic animals 
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indicates that in them loss of steroid nucleus in the 
feces was more rapid than de novo cholesterol syn- 
thesis. 
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SUMMARY 


Interrelationships among the effects of dietary protein, sulfur-containing amino acids, and 
choline on the serum cholesterol concentration of the rat have been studied. Hypercholester- 
olemia was induced by feeding rats a diet containing cholesterol, cholic acid, and saturated 
fat. When the diet contained choline, additional casein alleviated the hypercholesterolemia. 
A similar effect was obtained with a supplement of methionine equal to the amount in the 
casein. Cystine and cysteine, but not taurine, were as effective as methionine. These and other 
observations suggest that the serum cholesterol-lowering effect of protein supplements is due 
largely to the sulfur-containing amino acids they provide. The omission of choline from the 
diet also alleviated the hypercholesterolemia; but when the choline-free diet was supple- 
mented with either choline or methionine, serum cholesterol concentration increased. A 
supplement of choline alone caused a much greater rise than a supplement of methionine or 
combined supplementation with choline and methionine. Thus methionine appears to have 
two opposing effects on serum cholesterol concentration in rats fed a hypercholesterolemic 
diet lacking choline: (a) a cholesterol-elevating effect attributable to its ability to spare 
choline by providing a supply of preformed methyl groups, and (b) a cholesterol-lowering 
effect common to sulfur-containing amino acids and not dependent upon the provision of 
methyl groups. 





Fittios et al. (1) observed that serum choles- 
terol concentrations of rats fed a hypercholesterolemic 
diet decreased as the protein content of the diet was 
increased. A similar study in this laboratory revealed 
that serum cholesterol concentrations were inversely 
related not only to the protein content of the diet but 
also to growth rate and food intake (2). Thus it was 
not clear whether the lower serum cholesterol concen- 
trations of rats fed a high protein diet were the result 
of improved nutritional status of the animal (3), 
higher nitrogen intake, higher intakes of specific 
amino acids (4), higher protein-to-calorie ratio of the 
diet (5), or an effect of protein on the utilization of 
fat (6). 

Olson et al. (7) noted that rats fed a choline-free 
diet deficient in methionine exhibit hypocholesterole- 


* Published with the approval of the Director of the Wis- 
consin Agricultural Experiment Station, and supported in 
part by grants from the Research Committee of the Graduate 
School from funds provided by Wisconsin Alumni Research 
Foundation, and from the National Institute of Arthritis and 
Metabolic Diseases, National Institutes of Health, United 
States Public Health Service. Some of the crystalline vitamins 
were kindly supplied by Merck Sharp & Dohme Research 
Laboratories, Rahway, N. J. 
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mia and that the serum cholesterol concentration rises 
to within the normal range if the methionine content 
of the diet is increased. In contrast, a high intake of 
sulfur-containing amino acids causes a reduction in 
the serum cholesterol concentration of rats fed a hy- 
percholesterolemic diet containing choline (8), so it 
appears that methionine may have two distinct effects 
on serum cholesterol concentration, depending upon 
the nature of the diet. The effeets of dietary protein 
and lipotropic factors on serum cholesterol concentra- 
tions have been reviewed recently by Portman and 
Stare (9). 

This paper contains further information about the 
effects of protein, sulfur-containing amino acids, and 
choline on serum cholesterol concentration in the rat, 
and provides evidence that the effect of higher dietary 
levels of protein is due to the increase in the sulfur- 
containing amino acid content of the diet. 


EXPERIMENTAL 


Male rats of the Holtzman strain weighing 50 to 


55 g (six or seven animals per group) were fed the 
experimental diets for 3 weeks. Then blood was ob- 
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tained by heart puncture and the animals were killed. 
Individual serum samples were analyzed for total 
cholesterol (10) and pooled samples of the livers from 
‘ach group for total cholesterol and total lipids (8). 
The basal diet contained 10% casein, 25% hydro- 
genated coconut oil,! 5% salts (11), 1% cholesterol, 
0.5% cholie acid, and water-soluble vitamins and 
sucrose to make 100%. Water-soluble vitamins were 
included in the diet at the following levels (mg/kg): 
thiamine HCl, 8.0; riboflavin, 6.0; pyridoxine, 4.0; 
calcium pantothenate, 40.0; niacin, 50.0; inositol, 
200.0; folie acid, 4.0; vitamin By, 0.04; biotin, 0.20, 
and choline chloride 2000. Choline was not included 
in the choline-free Fat-soluble vitamins in 
ethanol were administered weekly. All changes in the 
diet were made at the expense of sucrose. The pro- 
cedures have been discussed previously in greater de- 
tail (12). 

Throughout this work the serum cholesterol concen- 


diets. 


trations varied somewhat from experiment to experi- 
ment for groups fed a given diet; however, the effects 
of the various treatments were consistent throughout. 


RESULTS 


A comparison of the effeets on serum cholesterol 
concentration of dietary supplements of proteins with 
distinetly different amino acid compositions (Table 1) 
showed that supplementation of the basal diet with 


TABLE 1. Comparison OF GROWTH, Foop INTAKE, AND SERUM 
CHOLESTEROL CONCENTRATION OF RATS FED A 106, CASEIN 
DIET SUPPLEMENTED WITH PROTEIN OR METHIONINE 


Weight Food 
Diet Gain Intake 


Serum 
Cholesterol 


y/rat/3 wks y/rat/day mg/100 ml 
10° casein 28 +2°* 5.6 1670 + 320 * 
10°), casein + 6‘; zein 
0.1°% pL-tryptophan 41 + 4 6.4 1670 + 350 


10°) casein + 6% zein 


0.1°% DL-tryptophan 


0.367 L-lysine * HCl 177+4 6.9 1500 + 230 
10% casein + 6°) gelatin 52 +4 8.4 1080 + 110 
10°) casein + 6° % gelatin 4+ 

0.10% pL-tryptophan 16+ 1 wal 1200 + 210 
16% casein 82 + 4 9.0 970 + 120 
10% casein + 0.55; 

pDL-methionine 2245 6.1 590 + 70 


10°, casein + 0.5%; 
pi-methionine + 0.5°;, 


pL-threonine 65 +4 8.7 520 + 70 


* Standard error of the mean. 


‘Hydrol, Durkee Famous Foods, Chicago, Il. 
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6% zein and 0.1% tryptophan, a supplement deficient 
in lysine, caused a growth response and an increase in 
food intake but did not affect serum cholesterol con- 
centration. Further supplementation of this diet with 
0.36% 
caused no significant change in serum cholesterol 
concentration. Additions of 6% gelatin or 
‘aused reductions in serum cholesterol concentration, 
but neither was as effective as 0.5% pL-methionine, 
even though methionine was less effective in stimu- 
lating growth and food intake. This suggested that 


lysine gave a further growth response but 


-asein 


the quantity of sulfur-containing amino acids in the 
diet was more important than the over-all protein 
content in regulating serum cholesterol concentration. 

A supplement of threonine increased the growth 
rate of rats fed the diet containing methionine but had 
little effeet on serum cholesterol concentration (Table 
1). Since blood could be taken more easily from larger 
rats, the next experiment was designed to ascertain 
whether threonine could be included routinely in the 
diets used in studying the effect of methionine. The 
results in Figure 1 show that, regardless of the methi- 
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Vic. 1. Effect of supplements of threonine and methionine 
on serum cholesterol concentrations of rats fed a hypercho- 
lesterolemic diet containing 10% casein. (o 0) = no threo- 
nine; (@e—@) — 0.5% pi-threonine; (e——e) = 20% pL- 
threonine. 
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onine content of the diet, addition of 0.5% pL-threonine 
saused no significant change in serum cholesterol con- 
centration. However, when the threonine supplement 
was increased to 2%, serum cholesterol concentrations 
decreased. 

Further evidence that the dietary content of sulfur- 
containing amino acids is more important in the 
regulation of serum cholesterol concentration than the 
protein content per se was obtained by feeding diets 
differing in protein content but equal in their content 
of sulfur-containing amino acids (Table 2). The serum 
cholesterol concentrations of rats fed on diets contain- 
ing either 10% casein supplemented with 0.6% pL- 
methionine or 28% casein were similar. Both diets 
contained 1% sulfur-containing amino acids according 
to values given by Block and Weiss (13). 

Table 3 shows the effect on serum cholesterol con- 
centration of adding increasing increments of methi- 
onine to a diet containing 10% casein. Maximum 
lowering of serum cholesterol concentration occurred 
with the addition of 1.2% pL-methionine, i.e., with a 
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TABLE 2. Errects or Diets DIFFERING IN PROTEIN 
CONTENT BUT Not IN METHIONINE CONTENT ON 
SERUM CHOLESTEROL CONCENTRATION 





| 


Diet ‘Number| Weight Food | Serum 
| of Rats | Gain Intake Cholesterol 
| g/rat/3 wks | g/rat/day mg/100 ml 
10°% casein 11 34 4+2* 6.2 1140 + 20* 
10°% casein 
+ 0.6°% pi-methionine 
+ 0.5°% pi-threonine 12 62 +3 7.9 580 + 30 
25° casein 6 113 +4 10.3 760 + 50t 
28°% casein 6 1ll +3 9.4 580 + 80f 


* Standard error of the mean. 

+ Values obtained in two separate experiments. The control 
groups for the two experiments have been averaged. 
total of 1.5% methionine in the diet. However, the 
difference between the value for the group receiving 
an additional 0.6% pi-methionine and that for the 
group receiving an additional 1.2% was not statisti- 
cally significant. When the pL-methionine supplement 


TABLE 3. Errect oF DiETARY METHIONINE CONTENT ON SERUM AND LIVER CHOLESTEROL CONCENTRATION 





Liver 
Diet Weight Food Serum 5 5 
Gain Intake Cholesterol 
| Total Lipid | Total Cholesterol 
| 
a —_ cineeemene —— = a — - — — — — ~ - 
g/rat/3 wks | g/rat/day mg /100 ml % fresh wt % fresh wt 
Experiment I 

10°, casein 31 +3* 5.9 1880 + 260 * 15.5 6.2 

10% easein + 0.35, pi-methionine + 65 + 7 | 8.5 730 + 40 71.3 5.8 

10°% casein + 0.6% pL-methionine ¢ 58 + 4 7.0 450 + 50 18.3 5.8 

10% casein + 0.9% pi-methionine ¢ 64 + 1 7.4 420 + 40 19.3 5.4 

10% casein + 1.2% p1i-methionine + 61+5 7.0 410 + 30 19.9 5.4 

10% casein + 2.5% pi-methionine ¢ | 19 +1 4.1 430 + 60 13.8 3.0 

Experiment IT 
10°% casein 3442 5.9 1310 + 150 
10% casein + 6% zein t 53 +1 8.4 1310 + 100 
10% casein + 6% zein + 0.3% pi-methionine ¢ 69 +3 8.1 980 + 70 
10% casein + 6% zein + 0.6% pi-methionine ¢ 69 + 4 9.0 690 + 50 
15° wheat gluten a +1 5.3 760 + 90 
15°% wheat gluten + 0.5% pi-methionine 6+1 5.5 480 + 70 
15% wheat gluten + 0.5% t-lysinesHCl 30 + 4 7.5 1160 + 180 
15% wheat gluten + 0.5% t-lysinesHCl + 

0.5% pi-methionine | 38 + 4 1d 870 + 140 





* Standard error of the mean. 
+ 0.5% pi-threonine also added. 
t 0.1% DL-tryptophan and 0.3% L-lysines HCl also added. 
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was increased to 2.5%, a marked retardation in growth 
was observed; but serum cholesterol concentration was 
unaffected. Addition of 0.3% pui-methionine to the 
diet containing 10% casein and 6% zein (supple- 
mented with tryptophan and lysine) caused a decrease 
in serum cholesterol concentration and an improve- 
ment in growth, but increasing the methionine supple- 
ment from 0.3% to 0.6% further depressed serum 
cholesterol concentration without affecting growth. 

The sulfur-containing amino acids are limiting for 
the growth of rats fed on diets containing casein, so 
the effect of methionine was determined under condi- 
tions in which it would give no growth response. When 
a diet containing 15% wheat gluten,? which is not 
limiting in sulfur-containing amino acids, was fed, a 
supplement of methionine caused a depression in serum 
cholesterol but no significant increase in growth 
(Table 3). 

Subsequently the effects of some other sulfur-con- 
taining amino acids were determined. Cystine and 
cysteine were as effective as methionine in lowering 


TABLE 4. Errect of SuULFUR-CONTAINING AMINO ACIDS 
ON SERUM CHOLESTEROL CONCENTRATION OF RATS FED A 
DiET CONTAINING 10°06 CASEIN AND 0.59% DL-THREONINE 





Weight Gain Food Intake Cholesterol 





g/rat/3 wks y/rat/day ft . mg/100 ml 
- 344+2° 5.9 } 1310 + 150* 
0.6% piL-methionine 68 +2 7.9 | 690 + 30 
0.9% L-cystine 63 +2 7.5 560 + 50 
0.9°% L-cysteine 5242 6.9 620 + 50 
0.9% L-cysteine 
+0.9°% betaine 16 +3 6.8 590 + 50 


* Standard error of the mean. 


serum cholesterol concentration (Table 4). When both 
cysteine and betaine were added, the effect was no 
greater than that obtained with cysteine alone. Growth 
and food intake of the group fed the diet supplemented 
with methionine were greater than those of groups 
fed on diets supplemented with cystine or cysteine, but 
the serum cholesterol concentrations of groups receiv- 
ing cystine or cysteine were lower. 

Since the sulfur-containing amino acids are pre- 
cursors of taurine, which is conjugated with cholie acid 
to form taurocholic acid in the rat, the effects of feed- 
ing taurine and sodium taurocholate were determined 
(Table 5). Supplementation of the basal diet with 
taurine resulted in lower serum cholesterol concentra- 


* Wheat gluten containing less than 1% lipid kindly supplied 
by Dr. John Andrews, General Mills, Minneapolis, Minn. 
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TABLE 5. Errect oF TAURINE AND SODIUM TAUROCHOLATE 
ON SERUM CHOLESTEROL CONCENTRATION OF RATS FED 








A Diet CONTAINING 10% CASEIN 
| | | 7 
Additions | Weight Food | Serum 
to Diet | Gain Intake Cholesterol 
| 





g/rat/3 wks 


g/rat/day mg/100 ml 


— | 24+1* tt 1690 + 130 * 
0.5% pi-methionine | 42 +3 8.3 750 + 70 
0.4% taurine |} 2w+2 | 6.9 1390 + 40 
1.0% taurine 29 +2 7.2 | 1200 + 210 
2.0% taurine | 30 + 2 7.2 1480 + 180 
0.625% sodium tauro- | 
cholate t | 27 +2 6.5 1110 + 170 


* Standard error of the mean. 
+ Equivalent to 0.5°% cholic acid. Cholic acid omitted from 
this diet. 


tions, but the effect of taurine was less than that of 
methionine. Also, the replacement of the cholic acid 
in the diet with an equivalent amount of sodium 
taurocholate gave approximately the same decrease 
in serum cholesterol concentration as did the addition 
of taurine. 

In an earlier experiment, addition of 1% 
onine to a diet containing 25% 
terol or cholie acid, 
cholesterol concentration. 


DL-methi- 
‘asein, but no choles- 
saused no change in serum 
However, 25% casein sup- 
plies 0.9% methionine, and serum cholesterol concen- 
trations of rats fed on diets containing cholesterol 
and cholic acid were not decreased by dietary supple- 
ments of methionine if the methionine content of the 
diet was above 0.9%. Therefore the effect of supple- 
mentation with methionine or cystine in the absence 
of dietary cholesterol and cholic acid was investigated, 
using rats fed on diets containing either 10% 
or 10% soybean protein® (Table 6). Although a sup- 
plement of methionine reduced the serum cholesterol 
concentration of rats fed the diet containing casein and 
cholesterol but no cholie acid, neither methionine nor 
cystine affected serum cholesterol concentration when 
cholesterol and cholic acid were both omitted. Neither 
methionine nor cystine affected serum cholesterol con- 
centrations of rats fed a diet containing soybean pro- 
tein but no cholesterol or cholie acid. 

Although the determinations on liver were done on 
pooled samples and no statistical measure of varia- 
bility can be given, certain trends are apparent from 

*C-1 Assay 
nati, Ohio. 


-asein 


Protein, Drackett Product Company, Cincin- 
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TABLE 6. Errect oF SuLFUR-CONTAINING AmINO ACIDS 
ON SERUM CHOLESTEROL CONCENTRATIONS OF RATs FED 
ON Diets CONTAINING NO CHOLIC ACID OR CHOLESTEROL 





Additions 
to Diet 


Weight Food 
Gain Intake 


Serum 
Cholesterol 





q/rat/3 wks q/rat/day mg /100 ml 


Experiment I. 10°) Casein 


1% cholesterol 243° | 6.8 | 281 418° 
1°; cholesterol t¢ 

+ 0.6°7 methionine 61 +2 8.1 182 + 11 
No addition 36 +3 6.2 121 + 10 
0.6 methionine t¢ 55 + 2 7.9 115 +4 
0.9°% cystine t¢ 65 +4 8.5 105 + 4 

Experiment II. Soybean Protein 

No addition 2442 7.3 144 +7 
0.6°> methionine 44+ 3 8.7 140 +5 
1.27 methionine 3443 7.5 144+1 
0.48°; cystine igs +1 5.7 139 +2 
0.96°;7 cystine 20 + 1 6.0 151 +8 
1.5°) cystine 19 +1 5.9 136 +9 


The diet contained no cholesterol or cholic acid unless other- 
wise noted. pL-Methionine and L-cystine used as dietary sup- 
pleme nts. 

* Standard error of the mean. 
+ 0.5°% pL-threonine also added. 


the results. In four separate experiments (Tables 3, 
7, 8) the totai lipid content of the liver increased by 
4% to 6% when methionine was included in the basal 
diet containing choline. This effect of methionine was 
less evident when the diet contained threonine (Table 
7). Methionine supplements did not cause a consistent 
rise in liver total cholesterol under these conditions, 
but perhaps of more importance is the fact that addi- 
tions of methionine up to 1.2% of the diet, levels that 
caused maximum lowering of serum cholesterol con- 
centration, did not in any case cause a lowering of 
liver total cholesterol. The effect of 2.5% p1i-methi- 


TABLE 7. Errect OF METHIONINE AND THREONINE 
ON LIVER CHOLESTEROL AND TotaL Lipips 


Additions to Diet Liver 


pL-Methionine pL-Threonine Total Lipids Total Cholesterol 


7 of fresh wt “ of fresh wt 


11.1 3.9 

0.3 16.0 5.7 
0.6 19.0 5.1 
2.0 12.0 4.5 

0.3 2.0 13.0 3.5 
0.6 2.0 14.5 4.4 
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onine is an exception, but with this level of methionine 
in the diet, growth and food intake were severely 
depressed. 

Finally, the effeet of methionine was studied in rats 
fed a choline-free diet containing cholic acid and 
cholesterol. The omission of choline from the diet 
caused a large drop in serum cholesterol concentration 
(Table 8). The addition of methionine or betaine to 
the choline-deficient diet resulted in an increase in 
serum cholesterol concentration, but the addition of 
taurine had little effect. Higher levels of methionine 
-aused no greater increase under these conditions than 
0.3% pL-methionine. In contrast to its effect in choline- 
deficient diets, a supplement of methionine caused 
serum cholesterol concentrations of rats receiving ade- 
quate amounts of choline to fall, but not to as low a 
value as when choline was omitted from the diet. Al- 
though again the use of pooled samples does not permit 
a measure of individual variation, the liver cholesterol 
values for each of the three groups receiving neither 
choline nor additional methionine were 2% to 3% 
below the values for the other groups (Table 8). The 
total amount of cholesterol per liver was 356 mg for 
rats fed the basal diet containing choline and 310 mg 
when a choline-free diet was fed. On a fat-free dry 
weight basis the values were 409 and 277 mg per g, 
respectively. 


DISCUSSION 


The observation that the serum cholesterol concen- 
trations of rats fed on diets containing equal amounts 
of sulfur-containing amino acids but different amounts 
of casein were the same suggests that the greater 
sulfur-containing amino acid content of high casein 
diets is responsible, in part if not entirely, for their 
serum cholesterol-lowering effect. That this may be 
true of other proteins as well is suggested by the 
observation that the relative effects of casein and 
gelatin supplements were proportional to the amounts 
of sulfur-containing amino acids they provided. The 
lack of effect of zein on serum cholesterol concentra- 
tion may well be a consequence of the unavailability 
of many of the amino acids of this protein (14). Ap- 
parently the quantity of the sulfur-containing amino 
acids that becomes available from zein is sufficient to 
stimulate growth, but not to affect serum cholesterol 
concentration (Table 1). 

The reduction in serum cholesterol concentration 
that occurs when the protein or methionine content of 
the diet is increased is not a result of improved nutri- 
tional status (increased growth and food intake) or 
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TABLE 8. Errects oF METHIONINE AND CHOLINE ON THE CHOLESTEROL CONTENT OF SERUM AND LIVER 











Additions to 10% Casein | Weight | Food Serum : 
Choline-free Diet Gain Intake Cholesterol | 
| | | Total Cholesterol | Total Lipids 


| | | 
| . 
| Liver 
| 
| 


g/rat/3 wks | g/rat/day | = mg/100 ml Co fresh wt 


' 


fresh wt 
Experiment I 


7 
' 


0.2¢ choline chloride Ae | 5.4 2100 + 380 * 7.1 16.9 
0.2% choline chloride + 0.66 methionine + 60+3 | (eG 960 + 100 7.8 21.2 
No addition 12+3 4.2 380 + 60 ao 32.1 
0.3 methionine + | 4844 | 5.9 710 + 40 7.8 22.3 
0.6¢¢ methionine + | SORE 2" 6.5 630 + 30 6.6 22.4 
1.2 methionine + |} 4543 55 | 650450 | 7.5 21.5 
2.0% methionine + | 2543 44 | 700490 | 6.1 | 19.6 
Experiment II 
0.2¢¢ choline chloride 30 + 2 7.0 | 1500 + 310 7.6 | 18.2 
0.2% choline chloride + 0.5¢, methionine 43 + 3 8.0 / 800 + 140 7.6 24.6 
0.2¢ choline chloride + 0.4; taurine 27 +2 6.0 1330 + 340 6.9 17.2 
No addition 27-23 | 6.3 | 160 + 10 4,2 | 38.2 
0.5°° methionine 47 +4 | 8.5 530 + 50 fits 29.6 
0.4°% taurine 20 + 1 6.0 220 + 20 4.7 | 36.3 
0.52¢;, betaine hydrochloride | 26+4 5.9 840 + 90 (ie: 21.0 
pL- Methionine and L-cystine used as dietary supplements. 
* Standard error of the mean. 
+ 0.5°7 threonine also included. 
higher nitrogen intake per se, because the addition of than equivalent amounts of taurine in reducing serum 
zein to the basal diet stimulated growth and food cholesterol concentration; therefore it appears that 
intake without affecting serum cholesterol concentra- the effeet of sulfur-containing amino acids cannot be 
tion. Also, a gelatin supplement stimulated growth entirely accounted for by their conversion to taurine. 
more than a supplement of methionine but had only Shapiro and Freedman (16) have presented evidence 
a slight effeet on serum cholesterol concentration that the effect of methionine on serum cholesterol con- 
(Table 1), and the addition of methionine to diets in centration is influenced by the type of dietary fat. 
which the sulfur-containing amino acids were not Work done in this laboratory suggests that polyun- 
limiting caused a reduction in serum cholesterol con- saturated fatty acids and methionine have supple- 
centration without affecting growth (Table 3). In mentary effects in lowering serum cholesterol concen- 
fact, no evidence of a correlation between growth and tration.4 
serum cholesterol concentration was seen in these Olson et al. (7) found that the hypocholesterolemia 
experiments. These observations also make it unlikely — observed in rats fed a diet deficient in both choline 
that the protein-to-ealorie ratio (5) or the effeet of and methionine did not occur if the diet was supple- 
protein on the utilization of fat (6) influence serum mented with an adequate quantity of either methionine 
cholesterol concentration to any great extent under or choline. They suggested that the effeet of methionine 
the conditions of this study. in preventing hypocholesterolemia in choline-deficient 
Herrmann (15) has suggested that the effect of rats was the result of an increase in endogenous choline 
sulfur-containing amino acids on serum cholesterol synthesis upon increasing the methionine intake. Our 
concentration in the cholesterol-fed rat may be due to findings that the methyl donors methionine and betaine 


increased formation of taurine and its conjugation 
with cholie acid. However, our results show that die- 
tary supplements of methionine were more effective ‘'N. Nath, J.C. Seidel, and A. E. Harper. In preparation. 
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partially prevented the lower serum cholesterol con- 
centrations observed in choline deficiency, while taur- 
ine was ineffective, lend further support to this con- 
clusion. 

However, methionine appears to have two effects 
when added to a diet deficient in both choline and 
sulfur-containing amino acids. It causes an increase 
in serum cholesterol concentration, an effect of the 
labile methyl groups of methionine in promoting 
choline synthesis; at the same time it exerts a choles- 
terol-lowering effect in the serum, owing to the greater 
intake of the nonmethy] portion of the molecule. Thus 
the final serum cholesterol concentration represents 
the resultant of the “hypercholesterolemic” effect of 
the labile methyl groups and the “hypocholesterole- 
mic” effect of the sulfur-containing amino acids. Part 
of the difference between our results and those of Olson 
et al. can be explained by the fact that the sulfur- 
containing amino acid content of all diets used by 
Olson et al. was kept constant by varying the cystine 
content. Since either cystine or methionine is effective 
in reducing serum cholesterol concentration when the 
supply of methyl groups is adequate, no serum choles- 
terol-lowering effect of methionine could be expected 
under these conditions. 

It also seems probable that under our dietary condi- 
tions the addition of 0.6% methionine to a choline- 
deficient diet is not sufficient to completely replace 
choline in its effect on serum cholesterol concentration, 
for serum cholesterol concentrations of rats fed on a 
choline-deficient diet supplemented with 0.6% methi- 
onine were lower than those of rats fed a similar diet 
containing an adequate quantity of choline. 

Nishida et al. (17) have reported that methionine 
supplementation also lowers serum cholesterol con- 
centration in chicks fed a hypercholesterolemic diet 
containing choline; but in contrast to the observations 
in the rat, they did not find that the serum cholesterol 
concentration of the choline-deficient chick was low. 
Hegsted et al. (18) could demonstrate no lipotropic 
effect of choline in the chick such as is readily demon- 
strated in the rat, and it would appear that the effect 
of choline deficiency on serum cholesterol concentra- 
tion is also distinctly different in these two species. 

The effect of choline deficiency in decreasing the 
cholesterol content of the liver is in agreement with 
the observation of Cuthbertson et al. (19), who fed 
2.0% cholesterol and 0.5% cholie acid, but does not 
agree with the earlier report of Ridout et al. (20), that 
the liver cholesterol-ester content of choline-deficient 
animals is high. 

A marked decrease in the cholesterol content of the 
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liver was observed in the present study when the results 
were expressed as per cent of fresh liver weight. Much 
of this effect was the result of infiltration of lipid ma- 
terial into the livers of choline-deficient rats, with a 
subsequent increase in liver weight. However, even 
when the results were expressed as the total amount 
of cholesterol per liver, or as per cent of fat-free dry 
matter, the cholesterol content of the livers of choline- 
deficient rats was lower. The divergence between our 
results and those of Ridout et al. may be due to dif- 
ferences in the diets used. The cholesterol content of 
the liver in our experiments was considerably higher 
than that reported by Ridout et al., probably because 
of the inclusion of cholic acid in our diets. 

The difference between the effects of choline defi- 
ciency on the cholesterol and total lipid content of the 
liver suggests that under our dietary conditions choline 
may exert an effect on liver cholesterol concentration 
that is independent of its lipotropic activity. It is also 
of interest that methionine is as effective as choline or 
betaine in preventing a decrease in liver cholesterol 
concentration in choline-deficient rats, but is less effec- 
tive than either choline or betaine in preventing the 
accumulation of liver fat and the decrease of serum 
cholesterol concentration. 

It is of passing interest that rats fed on diets con- 
taining 9% casein supplemented with methionine 
develop fatty livers, which can be prevented by a sup- 
plement of threonine, an effect attributed to an amino 
acid imbalance (21). The parallel results observed in 
the present work involving both the total lipid and 
cholesterol contents of the liver suggest that the effects 
of this amino acid imbalance can also be demonstrated 
in rats on a hypercholesterolemic regimen. 
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& Unequivocal class separations of tissue lipids are 
important particularly when high temperature gas 
chromatography is used at the same time for the de- 
termination of the long-chain acid composition of 
major lipid classes. This problem was studied most 
recently by Hirsch and Ahrens (1); their procedure 
involves silicic acid column chromatography with elu- 
tion by ether-petroleum ether mixtures for “neutral” 
lipids, and methanol for phospholipids. The separation 
of cholesterol esters from triglycerides is difficult to 
achieve; the Hirsch-Ahrens separation procedure is the 
most detailed and most effective one that has been 
described. 

Benzene-hexane (and benzene-petroleum ether) mix- 
tures applied to a silicic acid column can usually be 
made to give the same kind of results as ether-petro- 
leum ether mixtures, and Borgstrém’s method (2) for 
class separations was based on the use of the former 
solvent pair. In these procedures and that of Lipsky 
et al. (3), as in the ether-petroleum ether methods of 
Fillerup and Mead (4) and Luddy et al. (5), the key 
to successful duplication of separations lies in the 
preparation of the silicie acid. Since benzene-hexane 
mixtures are more convenient to use than ether-petro- 
leum ether mixtures, the following method was devel- 
oped for this solvent pair; the relatively large changes 
in benzene concentration make the neutral lipid sepa- 
rations particularly easy to accomplish. 

MATERIALS 


AND METHODS 


Preparation of Silicic Acid. Mallinckrodt silicic acid 
(catalogue number 2847), labeled “suitable for chro- 
matographie analysis by the method of Ramsey and 
Patterson,” is prepared for use by the following pro- 
cedure. 
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A preliminary screening is carried out by dry siev- 
ing, and all material passing a 325-mesh screen is 
discarded. Approximately 100 g of silicic acid is treated 
with 250 ml of 3 N hydrochloric acid in a glass vessel 
and stirred for 30 minutes with a nonmetallic paddle. 
The silicic acid is allowed to settle, the aqueous acid 
decanted, and the residue washed repeatedly with de- 
ionized water for two days until the supernatant liquid 
reaches a pH of 4.5 to 5.5. Usually 20 to 40 changes 
of water are required. The silicic acid is then washed 
with acetone, filtered, and resuspended several times 
in fresh acetone and dried in glass trays under an 
infrared lamp for 16 to 20 hours. A final screening 
provides material of 100- to 200-mesh size, which is 
dried in an oven with 20 to 25 inches vacuum for 2 
hours at 50°. It may be kept in closed containers for 
several months without apparent change. Used silicic 
acid is washed with methanol, followed by deionized 
water and acetone, and dried as in the original prepa- 
ration. 

The moisture content of this material as determined 
by drying to constant weight for 6 hours in vacuo at 
150° is 9% to 10%. The behavior of the column is 
dependent on rigid adherence to details in the washing 
and drying procedure. 

Solvents. Hexane (technical grade, from Phillips 
Petroleum Co. or Matheson, Coleman and Bell, Inc.) 
is distilled through a 20-inch Vigreux column before 
use. A 500 ml sample is concentrated to 2 ml in a 
Roto-Vap apparatus and the residue examined for 
high boiling components with the same gas chroma- 
tographie columns as those employed for the analyti- 
cal work. 

The benzene should be thiophene-free, and other 
solvents should be reagent grade. 

Apparatus. The preferred analytical column is the 
Hirseh-Ahrens glass column (1). The jacket protects 
the column against air drafts, but circulating water is 
not needed for the solvent systems used here. 

Preparation of the Column. An 18 g quantity of 
silicic acid is slurried with hexane and placed in the 
column after covering the glass filter plate with a filter 
paper disk. The column, which is about 5.5 inches high, 
is covered by a second filter paper disk, and is com- 
pacted by 30 psi air pressure applied intermittently 
until the top of the column is firm. About 300 to 350 
mg of mixed lipids may be used as a column charge. 

Elution. The major classes of neutral lipids are 
separated by stepwise elution with the following ben- 
zene-hexane mixtures: 6% (v/v) benzene-hexane (1), 
18% (v/v) benzene-hexane (II), 60% (v/v) benzene- 
hexane (III), and benzene (ITV). Phospholipids may 
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be eluted by varying concentrations of methanol in 
chloroform (6) or methanol (1). If recovery of a total 
phospholipid fraction is desired, a suitable procedure 
is to follow the benzene with 100 ml of chloroform, 
followed by 100 ml of 50% (v/v) chloroform-methanol 
and 150 ml of methanol. 

The most satisfactory operating conditions with 100 
to 350 mg of total lipids is to collect 10 ml fractions at 
a flow rate of 3 to 5 ml per minute, which is obtained 
without pressure. The entire separation through frac- 
tion IV requires 90 to 115 tubes and 3.5 to 4 hours for 
human plasma lipid samples. 


RESULTS 


The chief objective of the work was to determine 
conditions for the quantitative separation of choles- 
terol esters and triglycerides from other lipid com- 
ponents without the use of low boiling solvents (i.e., 
ether). It was considered desirable to use relatively 
large changes in solvent composition for class elutions, 
and the method described was found to be more rapid 
than those developed earlier. The behavior of the 
column was tested initially with a mixture containing 
cholesterol palmitate (50 mg), tristearin (100 mg), 
and cholesterol (25 mg). Quantitative recoveries were 
obtained in fractions IT, III, and IV, respectively. The 
column behavior was tested extensively with lipid 
fractions from blood, liver, intestinal tissue, marrow, 
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Fic. 1. Chromatographie separation of human plasma neutral 
lipids. The solvents are varying concentrations (v/v) of ben- 
zene in hexane. 


and adipose tissue. Figure 1 shows a typical elution 
pattern for human plasma lipids from which the phos- 
pholipids had been removed with silicic acid. The 
cholesterol ester fraction was obtained as a relatively 
sharp cut, coming after a small “hydrocarbon” frac- 
tion. The triglyceride fraction showed a characteristic 
trailing; there was also some trailing in the cholesterol! 
fraction. 
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The number of tubes required for each fraction 
raries with the amount of material in the fraction. 
With tissues containing small amounts of cholesterol 
esters, fraction II may be greatly reduced in volume. 
Also, fraction II sometimes was eluted more rapidly, 
but always as a relatively sharp fraction. 

The uniformity of fraction II was established by 
gravimetric and colorimetric determination of sterol 
by the procedure of Hanel and Dam (7); the trailing 
tubes and the combined tubes for the entire fraction 
gave no triglyceride test, indicating that there was no 
overlap in the separation from fraction III. The ana- 
lytical data for a human plasma lipid separation are 
given in Figure 2. 
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Fic. 2. Chromatographie separations of cholesterol esters and 
sterol fractions of human plasma; @ = gravimetric determina- 
tion; o = colorimetric determination (7). The total values 
amount to 48.7 mg (gravimetric) and 484 mg (colorimetric) 
for cholesterol esters, and 13.6 mg (gravimetric) and 11.5 mg 
(colorimetric) for cholesterol. The occurrence of a band im- 
purity is evident in the sterol peak. 


The uniformity of fraction III as a triglyceride frac- 
tion free of contamination from either cholesterol 
esters (II) or sterol (IV) was established by use of the 
triglyceride procedure of Van Handel and Zilversmit 
(8) (using corn oil triglycerides as a standard), and 
the cholesterol procedure of Hanel and Dam (7). 
Figure 3 shows the data for gravimetric and colori- 
metric determinations in a human plasma lipid sepa- 
ration of fraction III. The leading and trailing tubes, 
and the combined tubes for the entire fraction, gave 
no test for cholesterol or cholesterol esters by the 
Dam or Liebermann-Burchard tests. 
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of human plasma; @ = gravimetric determination; 0 = colori- 


metric determination (8). 


Figure 2 shows the examination of fraction IV by 
gravimetric and colorimetric (7) determinations of 
sterol. It was found that in the early tubes of the frac- 
tion the gravimetric values exceeded the colorimetric 
ones. Yet the leading tubes and the combined tubes for 
fraction IV gave no triglyceride test. Apparently the 
weight of fraction IV may not be used for the deter- 
mination of sterol. 

In order to characterize fractions III and IV in 
greater detail, a lipid sample obtained in the course of 
an animal experiment with acetate —1-C™ was em- 
ployed. This material contained labeled fatty acids in 
the triglycerides, and some labeled free fatty acids 
were also present. The separation of fraction III, ac- 
cording to radioactivity levels, is shown in Figure 4. 
The trailing effect shown gravimetrically was dupli- 
cated by the radioactivity measurements; it is be- 
lieved that this effect is due to fractionation within 
the class. The absence of free fatty acids was demon- 
strated by partition of the triglyceride fraction between 
hexane and 1 N potassium hydroxide solution; radio- 
activity was found only in hexane-soluble material. 

An examination of fraction IV showed the presence 
of free fatty acids (1, 5). When the cholesterol fraction 
from the same column was partitioned between hexane 
and 1 N potassium hydroxide solution, about 60% of 
the radioactivity was associated with an alkali-soluble 
part of this fraction. When this free acid fraction was 
recombined with the cholesterol and the column sepa- 
ration repeated, a single peak again resulted. This does 
not indicate whether the free acids form molecular 
compounds with cholesterol, or whether they co- 
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labeled with C'. Leading and trailing tubes contained no radio- 
active material. No free acid was present. 


chromatograph with the sterol. In confirmation of this 
behavior, a corresponding fraction from human plasma 
was examined by infrared spectroscopy (potassium 
bromide disk) and was found to contain strong car- 
bonyl absorption characteristic of the carboxylic acid 
group. Since fraction IV was not of primary interest, 
no further characterization was attempted. 

No attempt was made to determine the elution be- 
havior of mono- and diglycerides, but they should 
follow cholesterol. 
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pm The determination of ester groups in lipid extracts 
is usually carried out by the alkaline hydroxylaminoly- 
sis of esters to form hydroxamic acids which, on treat- 
ment with a ferric ion in acid solution, yield highly 
colored Fet**-chelate complexes. The method of Stern 
and Shapiro (1), which is widely used for the routine 
examination of the lipids of blood serum, employs 
aqueous conditions for the initial reaction with hy- 
droxylamine. This results in a low color yield in the 
subsequent reaction with Fe*** ions, and furthermore, 
cholesterol liberated from its esters is insoluble in the 
final reaction mixture and produces cloudy solutions. 
These two shortcomings, which have made the method 
unsuitable for sera containing either very low or very 
high lipid concentrations, have been largely overcome 
by the method of Rapport and Alonzo (2), which em- 
ploys anhydrous conditions. This latter method, how- 
ever, has not proved suitable for the routine investi- 
gation of ester groups since each reaction tube has to 
be treated individually. 

We have modified the method of Stern and Shapiro 
(1) to employ relatively nonaqueous conditions both 
for the initial hydroxylaminolysis, and for the subse- 
quent color development, using alcoholic ferric per- 
chlorate solution instead of aqueous ferric chloride. 
This has resulted in the production of high color yields 
which are stable; the method is precise, accurate, and 
suitable for the routine investigation of a large number 
of lipid extracts. 
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The color formation obeys Beer’s law up to the range 
of 4 neq as shown in Figure 1; however, the intensity 
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of maximum absorption at 515 my is slightly lower for 
cholesterol esters than for triglycerides (95%). 

The method has an average error of 1.7% (range 
0% to 5.5%). This has been determined on duplicate 
aliquots of lipid extracts derived from 25 sera covering 
the range 5 to 20 meq of ester per liter of serum. 

Peroxide-free isopropyl ether is recommended in- 
stead of diethyl ether as the solvent for the initial re- 
action because of its lower volatility (b.p. 67.5°). 


Reagents: All reagents and solvents used are Anal. 
Reagent grade. Isopropyl ether is freed from per- 
oxides by passage through a column of activated 
alumina (heated overnight at 170°) just before use. 

Methanolic hydroxylamine solution (2 M). (A): Add 
13.9 g hydroxylamine hydrochloride to 5 ml distilled 
water and 50 ml of absolute methanol. Warm until 
dissolved and make up to 100 ml with methanol. 

Methanolic NaOH solution (3.5 N). (B): Add 14 gm 
of NaOH to 5 ml distilled water and 50 ml methanol. 
Warm until dissolved and make up to 100 ml with 
methanol. 
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Alkaline hydroxylamine solution: Mix equal parts by 
volume of (A) and (B) and allow to stand for 15 
minutes. The clear supernatant is filtered off just 
before use. 

Stock ferric perchlorate solution: Dissolve 1.0 gm of 
iron wire in 125 ml of 70% to 72% perchloric acid 
in a beaker by warming gently on a hot plate until 
the reaction begins, then remove from the source of 
heat. N.B. Care must be taken as the reaction may 
become very vigorous. When solution is complete, 
make up to 250 ml with distilled water and store at 
4°. Allow the solution to stand for 3 to 4 days 
before use. The solution is stable for at least 2 weeks. 

Working ferric perchlorate solution: Dilute 6 ml of 
the stock to 120 ml with absolute ethanol just before 
use. 


Procedure. Aliquots of lipid extracts containing from 
0.5 to 4.0 peq of ester (3 ml aliquots of 1:25 serum 
extracts are suitable) are evaporated to dryness in 
Evelyn tubes on a hot-water bath with an air blower. 
Then 3 ml of isopropyl! ether and 1 ml of the alkaline 
hydroxylamine solution are added, the tubes are stop- 
pered (polythene closure), well shaken, and allowed 
to stand at room temperature for one-half hour. Six 
ml of the working ferric perchlorate solution is then 
added; the tubes are again stoppered, well shaken, 
and allowed to stand in a dark cupboard for a further 
half hour. A blank (3 ml isopropyl ether) and stand- 
ards (containing 1 to 4 peq of ester) are carried 
through the procedure. 

The color densities of the solutions are read on an 
Evelyn colorimeter using the 515 my filter, the 6 ml 
aperture, and the bright light source with a fully pol- 
ished colorimeter reflector. The instrument is initially 
set at 100% transmission with the blank. 

The procedure described has been developed to meet 
the requirements of the Evelyn colorimeter, which has 
a light path of 2 em and requires a minimum volume 
of 6 ml of solution for measurement of the color den- 
sity. The final volume (10 ml) has also been adjusted 
so that a reading of 20% transmission (equivalent to 
an optical density of 0.7) is produced by 3 peq of ester. 
With colorimeters or spectrophotometers having a 1 
em light path, the color density readings are halved for 
a given ester concentration. The range of standards 
may be extended considerably, however, and when 
determined with a Beekman D.U. Spectrophotometer 
having a light path of 1 em, the graph of percentage 
transmission at 515 mp against ester concentration, 
plotted on semilogarithm paper, is perfectly linear up 
to § peq of ester. It is preferable when using such in- 
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struments to reduce the final volume to 5 ml by using 
half quantities of all the reagents specified for the 
original proportion of standards or aliquots of serum 
extracts, i.e., 1.5 ml isopropyl ether, 0.5 ml alkaline 
hydroxylamine solution, and 3 ml of ferric perchlorate 
solution. The graph of percentage transmission against 
ester concentration has been determined under these 
conditions and is identical to that shown in Figure 1. 

Snyder and Stephens (3) have recently described a 
method similar to ours, employing relatively anhy- 
drous conditions. The color yield produced in their 
method, as well as in that of Rapport and Alonzo (2), 
has been determined with a 1 em light path and is 
almost identical to that obtained in our procedure 
when adjusted for a 1 em light path as described 
above. These methods differ from ours in that they 
require heating at 65° in order to ensure quantitative 
hydroxylaminolysis of the ester. This is a disadvantage, 
however, since the reaction is very sensitive to the 
temperature and duration of the heating period, and, 
as a result, these methods lack the precision and ac- 
curacy obtained when the reaction is allowed to pro- 
ceed at room temperature. 
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© Interest in the physiological and pathological sig- 
nificance of hydroxylated steroids has led to the devel- 
opment of several methods for their determination, 
some of which have been reviewed by Engel and 
Baggett (1) and by Weinmann and Jayle (2). The 
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method proposed by Kellie et al. (3) is based on the 
esterification of steroid alcohols with 3,5-dinitroben- 
zoic acid and the subsequent measurement of the color 
produced when the esters are treated with dilute alkali 
in the presence of acetone. This is probably the best 
method concerning specificity, quantitative recovery, 
and reproducibility, and its originators further indi- 
eated that with microcells it could be used to estimate 
very small amounts of esters. They also showed that it 
could be combined with chromatographic separation 
of the 3,5-dinitrobenzoates to provide useful data on 
the composition of the nonketonic alcohol fraction of 
steroids extracted from normal and abnormal urine (4). 

In the course of some studies on in vitro steroid 
hydroxylation, it soon became apparent to us that the 
sensitivity of the method had to be increased. The 
choice of volume for diluting the reaction mixture 
after color development is not arbitrary, as was as- 
sumed by Kellie et al. (3), and the concentration and 
solvent used for the alkali reagent appear to be critical. 
Consequently, we determined the conditions to carry 
out a stable color reaction in a final volume of 1 ml. 

The experiments described as follows were con- 
ducted on esters prepared as described originally (3), 
with the exception that esterification was completed 
with 5 minutes of heating, instead of 30 seconds. The 
3,5-dinitrobenzoyl chloride was obtained according to 
Vogel (5). This reagent was kept in a vacuum dessi- 
eator over P2O;, and frequent determinations of its 
melting point, 67.5°-69.0°, showed no indication of 
decomposition. Some commercial samples of this rea- 
gent gave erratic results because of hydrolysis in vari- 
ous degrees. Three steroids from commercial sources, 
cholesterol, pregnanediol, and estriol, were used as 
received. A Beekman D.U. spectrophotometer was 
used throughout for the colorimetric determinations. 

In the original procedure (3), a portion of the 
steroid ester equivalent to 0.08 mg of 3,5-dinitroben- 
zoyl radical is dissolved in 0.8 ml of acetone, and 0.2 
ml of 0.1% KOH in ethanol is added. After 5 minutes 
at room temperature, 9 ml of acetone or ethanol is 
added and the diluted sample is read in the region be- 
tween 550 to 570 mp. Turbidity and rapid fading of 
the color occurred, however, in the more concentrated 
mixtures when lesser volumes of acetone were used in 
the final dilution. Although the initial readings ob- 
tained with alkali in different mixtures of water and 
ethanol or acetone were approximately the same, the 
figures shown in Table 1 indicated that aqueous alkali 
prevented turbidity and gave a more stable color than 
that developed by the other mixtures. Some experi- 
ments suggested that there might be an eptimum 
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TABLE 1. Stapitity oF CoLtor with 0.1 PER Cent KOH 
IN DIFFERENT SOLVENTS * 








Minutes After Mixing 


Solvents f \_ — gl We 

| : te 

+) 00 

— —E | ——_—— <<a 

Water | 0.469 0.375 =~ 
25% ethanol 0.460 0.310 - 
50% ethanol 0.472 0.300 os 
75% ethanol 0.472 0.298 ~f 
Ethanol 0.471 0.355 oe 
25°% acetone 0.469 0.281 
50° acetone 0.451 0.229 + 
75°% acetone 0.431 0.200 + 


* Figures are absorbance values at 555 my in 1 cm cells. The 
reaction mixture consists of 0.8 ml of an acetone solution of 
cholesteryl 3,5-dinitrobenzoate (1 mg/100 ml of 3,5-dinitro- 
benzoyl radical) and 0.2 ml of 0.1 ¢ KOH in the appropriate 
solvent. 

+ Volume per cent of solvent in aqueous solution. 

t Presence of turbidity in the first half hour. 


concentration of KOH, as far as stability of the color 
was concerned. Accordingly, several concentrations of 
aqueous KOH were tested and the results are shown 
in Table 2. It can be seen that 0.02% KOH in water 
develops a quite stable color. 

The final procedure adopted for the colorimetric 
determination of the steroid esters is as follows: An 


TABLE. 2. Stasititry oF CoLor witH DIFFERENT 
CONCENTRATIONS OF AQUEOUS KOH * 


5 125 365 
% 

0.100 0.487 0.305 0.220 
0.075 0.512 0.374 0.215 
0.050 0.490 0.429 0.336 
0.035 0.490 0.471 0.440 
0.030 0.486 0.454 — 
0.025 0.489 0.471 
0.020 0.481 0.493 


* See Table 1 for composition of final mixture. Only the con- 
centration of aqueous KOH was varied. 
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aliquot of 0.8 ml of an acetone solution of the steroid 
ester containing about 8 pg of 3,5-dinitrobenzoy! radi- 
eal was treated with 0.2 ml of 0.02% aqueous KOH. 
After 5 minutes at room temperature, the color was 
read at maximum absorbancy of 555 my. This pro- 
cedure compared favorably with the original method in 
simultaneous determinations carried out on the 3,5- 
dinitrobenzoy] esters of cholesterol, pregnanediol, and 
estriol. Since the final volume is one-tenth that of the 
original procedure, the sensitivity is correspondingly 
increased. Table 3 shows this comparison. The color 


TABLE 3. ABSORBANCE/uMOLE * OF ESTERIFIED STEROIDS 








Steroid Aft Bt C§ 
Cholesterol | 097 | 094 | 1.08 
Pregnanediol 1.86 1.84 2.27 
Estriol 2.83 2.69 not given 
Average/umole / 

No. of OH groups 0.94 0.92 1.12 || 





* This is calculated by the following formula: 


Bx ax MW x 0% 


S 
in which E = absorbance (1 cm path) at maximum, d = dilution 
factor, M.W. = molecular weight, and S = mg of steroid used in 


the preliminary esterification (3). 
+ Our data by original procedure (3). 
t Our data by modified procedure. 
§ Original data (3). 
Calculated from original data. 


obeyed Beer’s law, at least in the range of 0.8 to 8 pg 
of 3,5-dinitrobenzoy! radical, the average absorbance 
for 1 pg (1 em path of light) being 0.062. The modified 
reaction is useful for the analysis of effluents in column 
chromatography, or for eluates from paper chroma- 
tograms of the esters. 
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> In recent years Rhodamine 6G and _ ultraviolet 
fluorescence have been widely used for identification 
of lipid spots on paper. The technique has been par- 
ticularly useful in identifying phosphatides separated 
by chromatography on silicic acid-impregnated paper 
(1). Marinetti et al. (2) have successfully used Rho- 
damine 6G for identifying radioactive phosphatide 
spots for counting. The chief disadvantage has been 
that stained strips must be examined while wet. Upon 
drying, both the fluorescence and the colors change 
significantly. To compare strips prepared on different 
days, the investigator must depend upon a subjective 
diagrammatic representation. Reports in the literature 
have also contained such diagrams. Although a photo- 
graph of a Rhodamine 6G-stained chromatogram was 
published recently by Troup et al. (3), the spots were 
accentuated by encircling them and some of the spots 
within the circles were not clearly visible. 

The original characteristics of the fluorescent spots 
have been easily preserved for months simply by 
wrapping the strips in Saran Wrap.! This maintains 
the necessary amount of moisture and permits obser- 
vation in ultraviolet light without unwrapping the 
strips. In some of our chromatograms of plasma on 
silicie acid-impregnated glass paper according to the 
method of Brown et al. (4), it has been noticed that 
the lysolecithin spot faded within 24 hours. Except for 
this, all other areas remained constant in appearance 
for many months after wrapping the strips. 

To avoid diagraming the spots, photography was 
attempted. For reproduction of the ultraviolet fluores- 
cence, black-and-white film suffices. Figure 1 repre- 
sents such a reproduction of chromatograms of plasma 
and red blood cell phosphatides from a normal male. 
The strips were stained with a freshly prepared 0.001% 
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Fic. 1. Rhodamine 6G stain and ultraviolet fluorescence of 
plasma and red cell whole lipid and precipitated phospholipid 
from a 50-year-old normal male. Strips 1 and 3 have lipid 
superimposed upon the phosphatidylethanolamine area. A sug- 
gestive inositol phosphatide spot is seen in the red cell strips. 
On the original strips the colors were as follows: a, dark blue 
surrounded by yellow; b, pale yellow; c, bright yellow; d, 
vellow; ¢, yellow center in purple; f, light purple in a darker 
purple background. 


aqueous Rhodamine 6G solution for 2 minutes, fol- 
lowed by a 1-minute wash with running tap water. 
The ultraviolet source was a Hanovia black Woods 
light? with a wave length of 3600 to 3700A. The wet 
strips were wrapped in Saran Wrap and photographed, 
using a high contrast film (Contrast Process Ortho) 


*“Tnspecto-lite,” Engelhard Industries, Inc., Elmhurst, N. Y. 
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and a double thickness of a Wratten 2 B gelatin filter, 
which absorbs the reflected ultraviolet light. With two 
lamps 16 inches from the strips at angles of approxi- 
mately 45° each, a 45-second exposure and f/11 aper- 
ture were used. The film was developed with D 11 
developer. Since some reflections occurred with the 
Saran Wrap, it was found desirable to remove this for 
the photographie exposure, following which the strips 
were again wrapped. 

The chromatograms presented in Figure 1 are 
original uncut strips from each of four different runs 
done in triplicate. An area of glass paper about 5 mm 
wide and extending the entire length except for 1 em 
at the bottom and top was cut out to separate the 
individual strips. The strips were chosen pretty much 
at random and selection of the best chromatograms 
was deliberately avoided. Our purpose is to show the 
results of photography primarily, since reproduction 
by photography in published reports should permit a 
more ready comparison of chromatograms from differ- 
ent laboratories. The identification of the phosphatides 
presented was achieved by appropriate stains, by com- 
parisons with simultaneous radioautograms, and by 
comparing Ry values with synthetic compounds or 
purified biciogical materials (except in the case of the 
inositol phosphatide). We have not as yet identified 
a phosphatidylserine spot in red cell chromatograms. 

These techniques should be helpful in preserving 
and recording other “wet” stained chromatograms and 
might be applicable to the protoporphyrin stain and 
ultraviolet fluorescence of lipids recently reported by 
Sulya and Smith (5). 

Since this manuscript was submitted, Vogel and 
Zieve (6) have published some photographs of dry 
chromatograms viewed in ultraviolet light. 
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STEROL ESTERS: 27, 28, 29, 32, 83, 156, 256, 257, 366 
STEROLS: 28, 29, 30, 31, 32, 83, 103, 104, 105, 106, 142, 158, 
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INSTRUCTIONS TO AUTHORS 


Scope: The JOURNAL OF Lipip RESEARCH, a quarterly, 
will publish original articles dealing with the chemistry, 
biochemistry, enzymology, histochemistry, and physiol- 
ogy of the lipids. The editors will favorably consider 
significant contributions in the field of lipid methodology 
and will encourage publication of sufficient details so that 
the methods can be reproduced. Clinical observations 
and nutritional data will be welcomed if they offer con- 
tributions in the above fields. In addition to original 
articles, the JOURNAL will contain review articles and a 
section, ““Notes on Methodology,” dealing primarily with 
minor improvements in existing methodology. Notes on 
Methodology will not generally require a summary or 
subdivision into sections. A listing of new lipid methods 
published in other journals will also be provided. Al- 
though articles will be published in English only, it is 
hoped that the JouRNAL will become a vehicle for inter- 
national communication. 


Preparation of manuscripts: All manuscripts, including 
tables and figures, should be submitted in duplicate. 
Manuscripts should be typewritten, double-spaced, with 
minimum page margins of one inch. The first page 
should be a title page, consisting of: title; author(s); in- 
stitution from which the paper is submitted, including 
the complete postal address(es) for mailing of proofs and 
reprint requests; and an abbreviated title for a running 
head (not to exceed 60 characters, counting the spaces 
between words). A notation should be made when the 
manuscript is intended for the Notes on Methodology 
section. Footnotes on the title page and those to tables 
should be indicated by non-numerical symbols (asterisk, 
dagger, double dagger, etc.), but in the text should be 
numbered consecutively and typed on a separate sheet. 

Manuscripts should be written in clear, grammatical 
English. Unusual abbreviations should be used as little 
as possible, and must always be initially defined. Each 
article should be preceded by a Summary, not to exceed 
200 words. Whenever possible, Methods, Results, and 
Discussion should be set forth in separate sections with 
appropriate headings. These headings should be in capi- 
tal letters, centered on the page; subheadings should be 
in lower case and underlined for italicizing in print. All 
drawings and illustrations should be submitted in the 
form of glossy prints. Each should be identified on the 
back by figure number and author’s name, using a soft 
pencil to avoid marring the print. 

Tables should be typed on separate sheets and num- 
bered with Arabic figures. All tables should be self- 
explanatory. Draw graphs and diagrams in black ink. 

For the terminology of lipid enzymes the JouRNAL will 
follow the recommendations published in ‘“‘Nomencla- 
ture of enzymes of fatty acid metabolism” in Biochemical 
Problems of Lipids, edited by G. Popjak and E. Le Breton, 
London, Butterworths Scientific Publications, 1956, p. 246. 

For the terminology of serum lipoproteins the JouRNAL 


will follow the recommendations published in Circulation 
Research 4: 129, 1956. 

The following are the accepted abbreviations for units 
of measurement: 


Units of Mass: 


kilogram kg 
gram g 
milligram mg 
microgram ug 
millimole mmole (not mM) 
micromole umole (not uM) 


Units of Concentration: 


molar (mole per liter) M 
millimolar mM 
micromolar uM 


Units of Length, Area, Volume, etc.: 


meter m 
centimeter cm 
millimeter mm 
millimicron mu 
square centimeter cm? 
liter liter 


milliliter ml 
cubic centimeter ce or cms 


microliter ul 
counts per minute cpm 
counts per second cps 
millicurie mc 
microcurie uc 


° 


temperature (Centigrade only) 


The expression mg% should not be used. but should 
be written as mg/100 ml. For chemical nomenclature 
the JouRNAL will follow the conventions of Chemical 
Abstracts. The superscript ® should follow all trade names. 
When necessary for identification of other specific mate- 
rials, use a footnote, including name and location of 
manufacturer. Use the per cent sign (%) with figures. 

References should appear in numerical order through- 
out the text. Bibliographic references must be type- 
written, double-spaced, on a separate sheet, using the 
following style: 

FOR JOURNAL ARTICLES: Author’s last name, initials. 
Name of journal (abbreviated as in “List of Periodicals 
Abstracted,”’ Chemical Abstracts, Supplementary Issue to 
Volume 50, 1956) volume number: page, year. 

FOR BOOKS: Author’s last name, initials. Title of Book. 
City, Publishing House, year, page number. 

FOR ARTICLES IN BOOKS: Author’s last name, initials. In 
Title of Book, initials and name of editor(s), City, Pub- 
lishing House, year, volume, page number. 

For examples of these styles, see issues of the JOURNAL. 

Mention of “unpublished experiments,” ‘“‘personal 
communications,” ‘‘papers submitted,” etc., should be 
made as footnotes and not included in the references. 
References to papers which have been accepted for publi- 
cation but not yet printed, are cited in the bibliography 
as are other references, followed by the words “‘in press.” 

Send manuscripts to the JOURNAL OF Lipip RESEARCH, 
University of Tennessee, Memphis 3, Tenn. 














